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STATIC AND DYNAMIC PERFORMANCE OF MICROPOWER TRANSISTOR
LINEAR AMPLIFIERS

Re A Gilson, O. Pitzalis, W. Kiss and J. D. Meindl
DA TASK. #1G622001405602
ABSTRACT

Silicon planar transistors which exhibit junction reverse currents
smaller than 10-9 amperes and common emitter current transfer ratios
greater than 50 for collector currents of 10-6 amperes are now available.
An optimum design technique for the application of these devices in linear
broadband amplifiers has been devised. A salient feature of this technique
is that it provides a unified approach to the DC and large-signal AC design of
a micropower amplifier. Subject to initial constraints, the design technique:
(1) provides a specified amplifier output power capability over a wide tem-
perature range, (2) minimizes amplifier power drain and (3) maximizes
amplifier power gain, With slight modification, the optimum design technique
also serves as the basis for a worst case design procedure for linear ampli-
fiers considering transistor and resistor tolerance margins. The frequency
response of micropower amplifiers can be accurately predicted on the basis
of a unilateralized hybrid pi transistor equivalent circuit. Amplifier band-
width may be significantly enhanced by means of a cascode circuit. Using L
a simple thermistor temperature compensation technique, micropower
amplifiers have been designed whose gain and terminal impedances are
virtually insensitive to large temperature changes.

A common emitter broadband micropower amplifier operating from a
three-volt supply with load and source impedances of 5x10~ ohms can provide
a 0. 18-v peak AC load voltage over the temperature range -50 € T £100°C for
a power drain of 23x10-6 w and a power gain of 25 db. If the peak load volt-
age capability is reduced to 0. 15 v, this amplifier can accept 10% worst case
tolerance margins on all circuit resistors. Depending on transistor barrier
capacitances and stray circuit capacitances, amplifier bandwidths vary from
about 7 KC to 25 KC with two=to five-time increases possible in the cascode
circuit. Further improvements in bandwidth are readily available for larger
operating powers.

U. S. ARMY ELECTRONICS RESEARCH AND DEVELOPMENT LABORATORIES
FORT MONMOUTH, NEW JERSEY
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STATIC AND DYNAMIC PERFORMANCE OF MICROPOWER TRANSISTOR
LINEAR AMPLIFIERS :

INTRODUCTION

Recent advances in semiconductor device technology have produced
silicon planar transistors which exhibit junction reverse currents less than
one nanoampere and common emitter current gains greater than 50 for
collector currents of 1 to 10 microamperes. This collector current range
is about three orders of magnitude smaller than the normal milliampere
operating current range for low power silicon transistors., Because of their
ultra low level operational capabilities, '""micropower' transistors are of
general interest in microelectronics and among their possible applications
offer a potential solution to the troublesome problem of battery power drain
in portable military communications equipment. The purpose of this report
is to describe the results of a feasibility study of the application of micro-
power transistors in linear communications circuits,

The discussion is divided into three sections. The first section
describes the salient characteristics of micropower transistors for the
common emitter mode, including the static base and collector character-
istics and the small signal fourpole parameters and equivalent circuit.

The second section describes an optimum design theory for linear broad-
band micropower amplifiers which provides a unified and worst case treat-
ment of the DC and large signal AC design of an amplifier, an analysis of
small signal behavior, and an AC temperature ¢ompensation technique. A
linear broadband amplifier is considered since it is the most widely en-
countered generic communications circuit. The third section of the discus-
sion describes the overall performance of broadband micropower amplifiers,
including their effective large signal mode of operation, frequency response,
temperature behavior and the influence of key design parameters on amplifier
performance.



SECTION 1 - TRANSISTOR CHARACTERIZATION

The purpose of this section is to present characterization data for six
typical diffused silicon micropower transistors providing useful information
for device applications in linear communications circuits. The devices
described include three NPN planar transistors (devices, A, B, and C), an
NPN planar epitaxial transistor (device D), an NPN mesa transistor (device
E), and a PNP planar transistor (device F) each of which is supplied by a dif-
ferent manufacturer. InPart 1 of the section, the static transistor character-
istics are reviewed, and in Part 2 the small signal AC characteristics are
considered,

Part 1 - DC Characteristics

Figure 1 displays collector characteristic curves for a typical micro-
power device for representative operating conditions in the common emitter
configuration. In their general appearance, these collector characteristics
closely resemble the familiar transistor behavior for the milliampere range
of operation. Although not strikingly displayed by the curves of Figure 1,
two mild departures from milliampere characteristics are the lower satura-
tion voltage and the lack of the usual flatness in the active region. In addition,
the current transfer characteristics, Ic versus Ig curves with Vcg held
constant, are relatively nonlinear due to the rapid increase of hgpg with I¢
in the microampere range.

Figure 2 displays typical base-emitter characteristics for the micro-
power range. It is evident that the general features of the input behavior
are similar to those of the normal milliampere collector current range. In
essence, Figure 2 illustrates the reason micropower device voltage levels
cannot be materially reduced below normal device voltages, although current
levels are 103 times smaller. The familiar exponential relationship™ between
current and voltage for a semiconductor junction:

\Y%
I=Is[exp(%) -l] .01

where Ig = junction reverse saturation current; q = electronic charge =

1. 60 x 10-19 coulombs, k = Boltzmann's constant = 1. 38 x 10-23 joules/oK
and T = temperature in °K, permits orders of magnitude change in junction
current I for small percentage changes in applied voltage V.

At room temperature junction reverse currents below one nanoampere
are common for low power silicon planar transistors. Many devices can be
found which exhibit a collector-to-base leakage current IcBQ less than 0, 1
microampere at 150°C. However, at this time the majority of commercial
specifications for micropower transistors quote a maximum value for IcBO
at 1500C in excess of 1.0 a for collector voltages of 40 v or more. In these
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devices at temperatures above 100°C, ICcBO can become significant compared
to base current Ig, if not collector current Ic, for collector currents in the
1 to 10 a range. Conservative design practice requires that IcgQ be con-
sidered in the design of the base bias network for a high temperature
micropower amplifier.

A typical characteristic of silicon micropower transistors is a common
emitter current gain hpgp which is more temperature sensitive for collector
currents of 1 to 104 a than foz 1 to 10 ma collector currents. Figure 3
shows the temperature variation of hpg foz Ic = 10 a, corrected for Icpo
for a typical silicoa micropower transistor. Here it is evident that more
than a four-time increase in hpp for -50£ T £ 100°C occurs where at
Ic = 1.0 ma a three-to-~one variation is more typical. This enlarged varia-
tion of hpp can be attridbuted to a shift with current level in the relative
importance of the various mechanisms which contribute to the base current
in a silicon planar transistor. At low current levels the base current is
dominated by surface currents which originate at the surface edge of the
emitter”®.

The maximum allowable device power dissipation and breakdown
voltages for micropower transistors are far in excess of the requirements
of typical micropower amplifiers. Maximum device ratings are generally
of small concern in micropower circuits. Table I shows a summary of the
salient DC characteristics of devices A through F.

Part 2 - AC Characteristics

The variations with collector current of the small-signal low-frequency
common emitter fourpole parameters, h]}, = hje and hp]e = hge, of a typical
micropower transistor are shown by Figure 4. These measurements clearly
indicate the drastic changes which occur in the values of the input impedance
hj e and forward current transfer ratio hp1e as quiescent collector current
is reduced. Table I indicates the marked temperature behavior of the micro-
power parameters h)]. and h2]e. Typical values for the reverse voltage
transfer ratio h)j2, = hze and the output admittance hy, = hye for micro-
power transistors are indicated at the bottom of Table I; hj2e and h22e can
generally be neglected in linear micropower circuit analysis.

The frequency behavior of a micropower transistor for the common
emitter mode is most conveniently described by the hybrid pi equivalent
circuit. However, the frequency behavior of the forward current transfer
ratio or current gain hp ), is often of special interest. A typical family of
measured frequency response curves for hpj is illustrated in Figure 5.

The familiar 6 db/octave roll-off is evident, In addition, it is apparent that
the gain-bandwidth product for this typical device increases directly with
collector current. Table I gives additional data on the frequency behavior of
hs e in terms of f34;, and fp.



The common emitter hybrid pi equivalent circu.it3 for a micropower
transistor is shown in Figure 6. From an ultra-high frequency immittance
bridge measurement, the base spreading resistance of a typical micropower
device is 1y = 5061 and does not vary significantly for 10ua£Ic < 1.0 ma.
From audio frequency voltage measurements at room temperature, the com-
mon emitter diffusion resistance rpte=h))e2200,00082 for Ic = 104ea.
The calculated value is

(1. 02)
T kT X
0.026
=, ¢+ =~ h. r =hp ——=h = = 192, 0000
ble b' 1- o o fe € fe Al fe Ig

where & (T hgp = hjjy is the common base small-signal low-frequency
current gain, v, 22 hib is the ecommon base diffusion resistance, T = 300°K
and I 21g = 104 a. The base-to-emitter capacitance Cpte is composed of
the diffustion capacitance Cp and the emitter barrier capacitance CTe. That
is

Che =Cp * Cre (1. 03)

where for homogeneous base transistors

qlp W2
CD = & (1. 04)
kT 2D
where W = the electrical base width and D = the minority carrier diffusion
constant. For graded base devices Cp is also directly proportional to Ig.
From high-frequency capacitance bridge measurements, the diffusion capaci-
tance for a typical micropower transistor was measured as Cp227. 2 pico-
farads for I = 1.0 ma. Therefore, on the basis of (1. 04) one would predict
Cp = 0.272 pf for Ic = 10 a. The typical curves of junction capacitance
versus voltage given by Figure 7 indicate that CTe = 20 pf for a forward
base bias which produces Ic = 10aa. Here it is obvious that the diffusion
capacitance Cp is apparently much less than the emitter barrier capacitance
Cre- Cp may be neglected in the micropower transistor equivalent circuit
with no significant loss of accuracy for collector currents less than about
10 s a. The data of Table I provide further support for this simplification.
The collector capacitance C¢ is composed virtually entirely of the collector
junction capacitance with a negligible contribution from collector diffusion
capacitance. Figure 7 indicates the typical variations of the emitter junction
capacitance C, as well as C with applied bias voltage and temperature.
The collector current generator has the usual value:
oo
8mVble - '_1.?. Vhte . (1. 05)
As a check on the accuracy of the proposed equivalent circuit, one may
calculate from Figure 6:



uo/l.-uo

hie (W) 1+j@ rpte [ CTetCctCy) (1. 06)

and {or the cut-off frequency

1
f3db - 2T rb'e(CTe+CC+Cs)

(1.07)

where C  represents 0. 70 pf of transistor stray capacitance including 0. 10 pf
of stray base-to-emitter header capacitance and 0, 60 pf stray collector-to-
base header capacitance. For I = 10 a, ry1e = 200,0000), Core = 22 pf

and Cc = 7 pf (1.07) gives f3g9p = 26.8 KC, This compares favorably with
the measured value of 25 KC, corrected for stray jig capacitance, given by
Figure 5. In many applications, the equivalent circuit of Figure 6 may be
simplified by neglecting the base spreading resistance r1= 508 since

T 1& € Thte 2200,000Qfor Ic£ 10ma and rpt << | jw Cpol = 50082 for

f€£ 10 MC. A common figure of merit for a transistor is the gain-bandwidth
product given by:

W.=h _% ! of 1) —C (1. 08)
T "fe " 3db " T-d, Tp1e(CTetC+Cy) "(kT) (CretCctCs) - '

From (1, 08) it is evident that power dissipation may be traded for gain-
bandwidth product by increasing I~. In addition, the transistor barrier
capacitances, Cr, and Cc, and stray capacitance Cg should be as small

as possible for a large gain-bandwidth product. The capacitance of a linearly
graded junction may be expressed as

qaez 1/3.
CzA(lZ,V’] ‘ (1.09)

where A is the junction area, q is the electronic charge, a is the slope of the
linear impurity gradient, € is the material dielectric constant andlv/ is the
absolute magnitude of the sum of the junction equilibrium potential difference
and the applied voltage. Here it is evident that q is a fundamental constant,

is a material constant, v is virtually constant as described in connection
with (1.01) and that allowable decreases in a are largely ineffective in re-
ducing C. Obviously, the principal path open to reducing junction barrier
capacitance C, in order to increase the gain-bandwidth product of micro-
power transistors, is to reduce junction area A. For a given I, this of
course entails an increase in the current density in the device.



SECTION 2 - DESIGN THEORY

The schematic diagram of a typical broadband micropower amplifier is
shown in Figure 8. Among the more common constraints which must be ob-
served in the design of this amplifier are: 1) The supply voltage V¢ is fixed.
2) The load impedance Ry, is specified. .3) The peak AC output voltage Vi, is
specified. 4) The operating temperature range Ty<£T<Ty is fixed. 5) The
DC power consumption of the amplifier Pp should be as small as possible.

6) The amplifier bandwidth ¢ 34, is specified. Assuming the foregoing con-
straints on the design of a micropower amplifier, several problems arise
which are far less severe or even nonexistent at normal milliwatt power
levels in silicon transistor linear eirecuits. With regard to DC operation,
transistor bias point stabilization becomes more difficult due to three factors:
1) At 1 to 10 microampere collector currents, collector junction reverse
current IcRQO can become significant at temperatures above 100°C. 2) The
temperature variation of cornmon emitter current gain hgppg is comparatively
large; a five-to-one variation for -50°C £ T £100°C is not unusual. 3) The
effect of the temperature variation of base-emitter diode conductance gpp
becomes more difficult to counteract at the low battery voltages which usually
accompany microwatt power levels.

With regard to AC operation, a major concern derives {rom the fact
that microampere quiescent collector currents severely restrict the dynamic
range of ‘an amplifier and effectively contribute to a large-signal mode of
operation. In this connection careful attention must be paid to the effects of
temperature as well as saturation and cut-off on the dynamic range of a
design. The influence of both transistor and passive component tolerances
assumes a greater importance in micropower amplifiers, particularly in
view of constraints 3) and 5). The lack of high*frequency response of cur-
rently available silicon transistors at microwatt power levels seriously
limits the bandwidth of micropower amplifiers.” Finally, the relatively
large temperature variation of the AC parameters of a micropower transistor
tends to limit the AC temperature stability of micropower amplifiers. This
section outlines a design theory which has been found useful in deriving micro-
power amplifier designs which adequately satisfy the previously listed con-
straints. The section is divided into six parts which present the rudiments
of the design technique in Part 1, the cut-off and saturation off-set refine-
ments and the feedback refinement in Part 2, the worst case tolerance refine-
ment in Part 3, an analysis of amplifier small~signal AC characteristics in
Part 4, an AC temperature compensation technique in Part 5, and the design
and analysis of a cascode circuit with improved frequency response in Part 6.

Part 1 - Basic Design Theory

The DC load line (DC LL) of the micropower amplifier of Figure 8 is
given by

Vee ® lon Re + VeEn + VRin (2.01)
6



at a nominal temperature Tp where VRIn = IppR1¥®ICnR]. Inorder t: pr.-
vide the specified peak AC output voltage V1, at Tp for a minimum DC power
dissipa’tion. the amplifier output leg must be designed so that the DC.operating
point Q, bisects the AC load line (AC LL) given by

-(Gc + GL) VCEn (2.02)

ICn

at Ty for R, = 0. Equation (2. 02) represents the AC LL in the DC collector
characteristics (Ic, VCE) plane. Although it is properly an AC equation, it
is convenient to write it in terms of DC quantities in formuylating the design
theory. This technique will be used throughout this section. '

The locus of all AC load line midpoints is given by 4

Ich = (Gc + GL) Vcen - . (2. 03)

In (2.02) and (2. 03), Vcgp must be sufficient to accommodate the specified
peak AC output voltage V1. That is, neglecting for the moment the effects
of cut-off and saturation in the transistor

VecEn = VL = IL/Gp, _ (2. 04)
where Iy, is the peak AC output current. Substituting (2.04) into (2.01) and
(2.03) gives

(Vcc - VL = VRin)

(2. 05)
(Vee - 2VL - VRin)

ICn = VLC'L

Ve - 2V, =V -
and R = VGG L~ VRin) (2. 06)

Given VR pn, equations (2.05) and (2. 06) define the smallest Icph and the
largest R, respectively, which satisfy the initial design constraints on
Veer Ry, and V. This is advantageous since small I¢ tends to decrease
power dissipation Pp and large R tends to increase amplifier gain. The
proper selection of VR1n in (2. 05) and (2. 06) obviously constitutes a key
point in the design. VR1n=IcnR] represents the DC feedback voltage which
must be used to stabilize the circuit against transistor DC parameter tem-
perature variations for the range ’I‘yi T £ T,. A practical procedure is to
compute complete designs for several values of VR and then choose the
one giving the desired values of AC power gain and DC power dissipation.
This procedure will be illustrated in Section 3.

From Figure 9 it is evident that because the quiescent point bisects
the AC load line at Ty, operating point drift will limit the output voltage
swing to values less than Vi, when T f Tn. A key feature of the present
design theory lies in regulating the DC operating point drift such that the
desired AC output voltage swings at the operating temperature limits

7



(i. e., KyVL at Ty and KxV7, at Tx with 0< Ky, Kx¢ 1) are exactly accom-
modated. From Figure 9, it is apparent that

Ky

and KyVy = VcEx at Tx . : (2.08)

Vi,

ICy/Gc+GL or Icy = KyVi(G¢c+GL) at Ty (2.07)

(By selecting Ky = Kx = 1/!'3'.' for example, the AC power cutput capability
of the amplifier will be 3db below its nominal value at the operating tempera-
ture limits, Ty and Ty, of the amplifier. It might also be mentioned here
that if Gy, varies with tempezature it should be reflected in the K values
which are selected in (2. 07) and (2. 08),) The output leg DC equation at Ty,

VCEY = VCC . ICV {R; + R¢) : (2. 09)

together with (2. 07) gives the operating point {Icy. VCEy) at Ty. The output
leg DC equation at Ty,

1. = Yecc - VCEx
Cx R; + R¢

(2. 10)

together with (2. 08) gives (ICx, VcgEx). It is evident here that the selection
of the factors Ky and Ky or the AC dynamic range stability of the amplifier
effectively determines its DC operating point stability.

To complete the design, the input leg must be considered. From
Figure 8,

Vee = (I + I2) R3 + IR, (2. 11)
and 0=Vgg +IgR; - IRz . (2. 12)

Writing (2. 11) and (2. 12) at both the operating temperature limits (TY and Ty)
and solving the four resultant simultaneous equations yields

R3 [Ig,R) + VBEx]
VCC'IBXRB'VBEX'IEXRI

Rp = (2. 13)

Ve [ Ex-IEy)R1-(VBEYy-VBEX )
(IgxIBy-IEyIBX)R1M(VBEXIBy-VBEYIBx)

and Ry = (2. 14)

This procedure for determining Ry and R3 yields their largest allowable
values for the associated DC operating point stability and emitter resistance
R1°. This is accomplished due to the fact that IRy, Ipx, VBEy and VBEx
in (2. 13) and (2. 14) effectively take into account the exact overall changes
in the transistor parameters Icgo, hFg and gpg for the temperature range
Tys T €T,. The obvious advantages of large R and R3 are smaller DC
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power dissipation and larger AC power gain for the amplifier. At this point
it appears that a rudimentary design theory which satisfies the original con-
straints on Vg, Rp, VL, T and Pp has been established. '

Part 2 - Saturation, Cut-off and Feedback Refinements

At the relatively low supply and quiescent collector voltage levels
associated with battery operated micropower circuits, saturation effects in
the transistor may impose a serious limitation on output voltage swing. In
addition the monotonic fall-off of current gain hgpg with decreasing collector
current restricts the AC swing in the low current cut-off region. The distor-
tion caused by these two effects as well as the bandwidth of the amplifier can
be improved by providing negative feedback through the emitter resistor Rg
(Figure 8). The procedure for quantitative consideration of saturation, cut-
off and feedback will now be outlined.

The AC LL equation in the DC collector characteristics plane may be
written as

~Icn -V
Gc+Gy, - Ren

VCEn = (2. 15)
where Vp . is the AC feedback voltage. Considering feedback only, the
locus of AC LL midpoints is given by

v __fn VR (2. 16)
S . 2 . )
CEn " Go+G en

A simple translation of coordinate axes facilitates the desired inclusion of
saturation and cut-off effects in (2. 16) (see Figure 10).

Ic - IO
Vv -V = —-n——— + V 2. 17
CEn o GC ¥ G, Ren ( )
with Vpeon = (IEn-Io) Re = (Icn-Io)Re gives the locus of AC LL midpoints
considering the saturation V, and cut-off I, offsets., The quiescent collector
voltage required to accommodate a peak output voltage Vi, is

VCEn = VL + VRen + VO . (2. 18)
Substituting (2. 18) into (2, 01) and (2. 17), one may solve for

Vee=-Vi-VRIn-VRen-V,
I = (Vi G1 +1,) (2.19
Cn VCC-ZVI—I'VRln’vRen"Vo LY¥L"%o )

4 I Vee 2VL-VRin"VRen Vo ,
an cC = (V]G +1,) . (2.20)




In (2. 19) and (2. 20), the values of the DC feedback voltage VR 1, the AC
feedback voltage VRens» and the saturation Vg and cut-off I, offsets may be
judiciously selected to satisfy the overall design constraints of a particular
application.

The AC output voltage swing is given by

C Iey-l : 5
K,Vi = _CY0 orla, = KyVLL(Ge+Gy) + I, at T (2.21)
Y LT GorGL Cy = By RmeTEL °Ty
and KyV1, = VCEx - Vo - KxVRen OF

Ky(VL + VRen) + Voat Ty . ‘ (2.22)

“

VcEx

Equations (2. 09) and (2. 21) give the DC operating point (Icy, VCEy) at Ty,'
while (2. 10) and (2. 22) give the operating point (Icy, Vcrx) 2t Tx. The
design of the input leg of the amplifier proceeds as descnbed by (2 11)
through (2. 14).

Part 3 - Worst Case Tolerance Refinement

Considerable attention has been given to "worst case' design techniques
which assure reliable circuit designs for specified component tolerance
margins particularly for digital logic circuits®. While the effects of com-
ponent tolerances are generally much more severe in linear circuits than in
digital circuits, apparently, practical analytical techniques for worst case
design of linear circuits are not in wide use at this time. It is felt that the
demonstration of a straightforward worst case design theory for linear
circuits may be of general value and is certainly of particular value in assur-
ing that the already minimal dynamic range of a micropower amplifier is
preserved in the face of component tolerances. In the case of broadband
micropower amplifiers, the critical function of a worst case design technique
is to insure that the worst possible combination of component tolerances
will not result in ICy less than

Icy = KyVy (1/Rc + 1/Rp) + 1o (2.23)
from (2.21) and VcEx less than
VceEx = Kx (VL + VRen) + Vg (2. 24)

from (2. 22). (The symbolism le denotes the minimum value of the quantity
ICy while ICY denotes its maximum value.)

Table Il shows the worst case tolerances for the transistor, the biasing
resistors and the supply voltage. From Table II and (2. 09) it is evident that

10



Veey * Yee - Ioy (R1 * Re) (2.25).
gives the value of VcEy which accompanies Icy of (2.23). Also from (2.°10)

Ve -V
oy = —CC 7 =CEx (2. 26)

Ry + Rg

gives the value of IC>'< which accompanies Vopy of (2.24). From Table II
and (2. 11) and (2. 12)

Mool (TBY +I2y) R3 + Ipy R | _ (2.27)

0=Vgpy +Igy Ry - Iy Ry | | (2. '285
and TY and

Vee = Upx * 12x) Ry + Ipy Ry (2. 29)

0=Veex T IEx Ry - Iy R, | (2. 30)

at T yield the values for R; and Rj3 given in Appendix 1. 1In (2.27) through
(2.30), R; = Ry (1+d ), Ry =R (1-dR), Ycc = Vec (1-8 ), and so forth
where, for example, R = 0.05 for a + 5% resistor tolerance margin., Also,
IRy indicates the largest transistor Ip at Ty considering both temperature
effects and manufacturing and aging tolerances., The solutions to (2.27)
through (2. 30) give the nominal values of R2 and R3 which insure that ICy
and Vopy Will not be less than the required values for the specified dynamic
range, KyV] at Ty and K4Vl at Ty, {or the worst combination of tolerances
which may arise. This design procedure may be applied to temperature,
manufacturing and aging tolerances for all circuit elements including the
transistor, the resistors, and the supply voltage.

Part 4 - Amplifier AC Characteristics

The purpose of Part 4 is to present an analysis of the small-signal AC
characteristics of broadband amplifiers operating at microwatt power levels.
A fourpole network approach as well as an equivalent circuit approach to the
AC analysis will be outlined.

From Figure 11, using the familiar low-frequency fourpole "h" para-
meters to describe the transistor gives

vy =Hjy i) + Hypvp

. . (2.31)
and 1y = HZl 11 + HZZVZ

11



where the approximate overall amplifier '""H' parameters are given by
Table III. (The exact values are listed in reference 7.) The amplifier H
parameters are immediately useful in defining the gain and terminal imped-
ances which are specified in Table 1V. The H parameter.characterization
of the amplifier is valid, of course, only in the midband region.

In order to calculate the frequency response of a broadband micropower
amplifier, it is convenient to utilize the hybrid pi transistor equivalent circuit
previously developed in Section 1. Figure 12 shows the AC equivalent circuit
of a single stage micropower broadband amplifier for its medium and high
frequency ranges with R, = 0, 1n view of the device impedance levels dis-
cussed in Section 1, ry1 will be assumed negligible. Following this assump-
tion, the principal question to be answered is whether or not the '"Miller
effect" approximation8 may be used to unilateralize the amplifiers.

To determine this, an exact analysis of the circuit of Figure 12  under
the noncritical assumptions that Ry, R23%> » rpte and R >» RL yields

y!
. 1w 5= co
A= =% = hye R, . (2. 32)
1 . .
1 1+jw rb|e{’Cb|e+(l+hfe—r-l;'— +iw RLCb'e)CC}
e

A comparison of the breakpoints of this expression shows that for typical
micropower amplifiers an accurate approximation over the useful frequency
band of the amplifier is

. 1
= hge ' . (2. 33)

. R1,
I+jw Thte {Cb|e+(l+hfe —-——-) CC}
bl

i
i)

Again under the noncritical assumptions Rg, R23 > » r'yte and Rc »>» R1, an
exact analysis of the circuit of Figure 13 which employs the full Miller effect
approximation also yields the result expressed by (2.33). Therefore, it
appears that the usual Miller effect approximation for unilateralizing broad-
band amplifiers remains valid for microwatt power levels.

#*The principal value of the Miller effect approximation is that it permits
unilateralization of the amplifier with its accompanying simplification of the
analysis. Referring to Figure 12, to retain accuracy in making this approxi-
mation it is necessary that: 1) Cc does not load the output generator

. 1 RcR
gm Vbleli. e., j@ e >7 RoARy,

) and 2) the direct transmission through

C ~ be small compared to gn, Vit An additional requirement for accuracy if
C m'b'e R %{
the equivalent input capac1tance of C("[ i, e., Cc(l+gm FC%FI_J)] is shunted
RcRp I W Coll+gm —~CRL
directly to ground is that -E-Lé‘ (l+g mRC+R ) J c(l+gm R +RL)I
12



By dropping the simplifying assumptions for Rg, R;3, and R, one
finds from Figure 13 neglecting C gg

i he /14Rp /
2= hie (2. 34)
-i—l . [ hse RCRy (Ce+Cee)

1+rb|e/Rz3+JUrb|e (Cb'e+cb'es)+(l+r RGHRT, y(CctCcs

1+rb| /R23
with @, = h¢e (2. 35)
rpre [ (Cpre Cpres) H1t = —-9——-C+R ) (Cc+Ces)]
e
For the voltage gain
A 1+R[ /Rc+j@WR1 Cees

where Cpies, CCgr @nd Cces are the stray circuit capacitances in parallel
with Cpte, Cc and Ry, respectively. (The stray capacitances are not shown
on Figures 12 and 13.) From these equations, the product of the midband
power gain and the effective bandwidth is, in absolute value,

; —_— )" R,/
(1.2) (LZ) W, .. = ( ”RL/R ) Re/rpe
3. v 3db~
"1 M. B. 1/Mm. B. rb,ve[(cble+cb|es)+(l+ hfe C L

Re Ry, )(Cc+Ccs)]

(2. 37)

Assuming
h R~R 1 R~R
fe CL C L
o = >3] ,
o R’C+R’L r‘ RC+R’L >1 and Cb'e+cb' Cc+ccs

2 — w,. ¥ T (Cic.) TR, /R
( B\V1/M.B. 3¢ ¢ TC 7Cs L'%c

(2. 38)
q Ic ]

Gw -
or 3db~ o7 (CotCo,) TIRL/R_

An examination of (2. 38) indicates the gain-bandwidth product of a common
emitter micropower amplifier can be improved by increasing the transistor
collector current I, which increases power dissipation, and decreasing the
transistor collector-to-base barrier capacitance Cc as well as the collector-
to-base circuit stray capacitance Cgg. Since C¢ is usually of the order of 5
picofarads or less, the importance of minimizing the stray circuit capacitance
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Ccg in order to maximize gain-bandwidth product is quite clear. The fre-
quency response of the circuit of Figure 8 when Reg # 0 is indicated in
Appendix 2,

As an additional point of interest, the low frequency cut-off NLF of a
micropower amplifier which should be caused by Cy will be calculated. From
Figures 8 and 13

iy R 1+jww RpCpr (2. 39)
iy, Rgirpre [Rotrpiet (b tDRE] HORLCy
Rs+rb.e .
RgR23 .
where RS = R IR gives
_ g 23 |
1 R_trpiet(he +1)R
W = e S fe R . (2. 40)
LF RECE S rb_'e

A final parameter which is useful in comparing the performance of
micropower amplifiers is given by’

Gw
F.M. = —P—-3£1-‘l (2. 41)
D
VarntInR
E®]
where Pp = Vee (IE+IZ] = VCC [IE + %‘] . (2.42)

2

This quotient of gain-bandwidth product and power dissipation can be con-
sidered as a figure of merit, F. M., for micropower amplifiers, In virtually
all instances, a major objective in the design of a broadband micropower
amplifier is to achieve a maximum gain and a specified bandwidth for a
minimum power dissipation. Therefore, (2.41) defines a parameter whose
relative magnitude is a useful indication of the quality of a given micropower
amplifier design,

Part 5 - AC Temperature Compensation

Previous parts of this section have been concerned with DC and large-
signal AC stabilization of micropower transistor amplifiers. Specifically,
the DC operating point and the AC power output capability of an amplifier
have been stabilized against changes with temperature and manufacturing
tolerances in the transistor DC parameters ICBO, hFg and ggg, as well as
the values of the resistors R], Rz, R3 and R¢ and the supply voltage V.
However, the large temperature variations which occur in the small-signal
fourpole h parameters of the transistor can give rise to large changes in the
small-signal terminal properties of a micropower amplifier. The purpose
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of Part 5 is to briefly outline a design t;heory4 which has been developed for
temperature compensation of the current gain, voltage gain, power gain,
input impedance and output impedance of micropower amplifiers.

In order to simplify the presentation of the AC temperature compensa-
tion technique, component manufacturing and aging tolerances will be neglect-
ed and only temperature effects will be considered. A convenient method for
handling the temperature changes is illustrated in Figure 14. The tempera-
ture factors-or ) factors are used to describe the overall tem Tperature changes
in the resistor values and supply voltage (e.g., 7 1= 1 at

—m— ) Slnce the

amplifier H parameters determine its terminal properties, compensatlon
may be sought by imposing the requirements that

Hiy®Hie Ha1y"Ha1x 2nd Hyp o ®Haax (2. 43)
le is neglected since its effect on circuit behavior at the low frequencies

considered here is negligible. Substituting the H parameter values listed in
Table IIT gives :

(hlley+h21eyRe) R23 : (hllexJ’thexr;:Re) 723R3 (2. 44)
(h1leythz1eyRe)tR23 (h11exthz1ex TeRe)t 7 23R23
(hy1ey)R23 _ (h21e) ¥ 53Rp3 (2. 45)
(hy ley+h21eyRe)+R23 (h)jexth2lex 7eRe)+ 723R23
and 1/Rc = 1/ PcRg (2. 46)
where it has been assumed that )’ )'3 )’23. A most useful solution to

(2. 44), (2. 45) and (2. 46) results from equating numerators and denominators.
From this

723 = B21ey/P2lex (2. 47)
¥>2R>3-h
237%23-111e .
Re = o ¥ requires )23R23> hlley (2. 48)
2ley
R,,-h
) 23 "llex requires Rp3®» hjoq (2. 49)
Zl
Rp3- $2°%% by
2ley
and yo =1 (2. 50)

To simplify the circuit implementation, it is desirable to achieve Ye=1lin

h
(2. 49) which requires that —lleX-= Tl2-_1_% . Since hjje = hzjeh)1p2hp1er &
lley 2ley ' €
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kT

hj1e T for )e = 1, the relationship
I T +273
ICX = T 3273 (2.51)
Cy y

must be satisfied. In effect, to achieve '}e = 1, the hyje and hp, tempera-
ture variations must track each other. This can be conveniently achieved by

controlling the DC collector current change with temperature so that hy 1, 2

kT .
Gt is constant. (As (2.49) indicates, under the special condition

;23R2 11y’ implementation may be further S1mp11f1ed by Rg = 0.) If one
then sefects v =1and YgE=1, all temperature factors for the circuit are
specified with the result that only two temperature sensitive components,
R; and Rj, are required for the desired compensation. (7 =1 indicates
temperature invariance.) Furthermore, it is evident that both Ry and R3
should exhibit the same temperature factor, )’ 23

From (2. 51) of the preceding paragraph, it is evident that the AC com-
pensation requirements influence the DC stability of the circuit. In this case
the output power capability constraint imposed in Part 1 must be treated
differently as indicated in Appendlx 3.

Part 6-Cascode Amplifier

Among the broadband micropower amplifier design constraints listed
in the introductory portion of this section is the requirement for a specified
bandwidth W34;,. Equation (2. 35) of Part 4 indicates the value of & 34} in
terms of AC circuit parameters. In practice for common emitter cascodes

" . , . hfe RcRL
the '""Miller Effect' capacitance (1+ o ) (CC+CC } largely
determines the value of & ;4 via the multlpf ying effect of
e RCRL L) on (Gete Theref ing th 11
T RotRy, on (Cct+Ccy) - erefore, presuming the smallest

practical value of (Cct+Ccs), if a particular micropower amplifier design
does not meet the specified @33, an expedient approach to this objective

R
is to reduce R_C__RI:. by increasing the current and power drain of the ampli-

ct

fier. For example in the common case where Rp, represents the input im-
pedance of the following stage, an increase in the collector current of the
following stage reduces Ry, and therefore R by the design procedure of
Part 1. In this manner, one may trade power drain for bandwidth as well as
gain-bandwidth product as indicated in (2. 38),

A common-emitter, common-base cascode circuit which has been found
to be particularly effective in reducing the Miller Effect capacitance to pro-
duce significantly larger bandwidths for essentially the same power gain and
only a slight increase in power drain, compared with a single common
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emitter stage, is shown in Figure 15. Referring to the schematic diagram
of Part a of Figure 15, it is evident that T] and T, represent a direct
coupled common-emitter, common-base cascode. C) and C4 serve as by-
pass capacitors. The AC equivalent circuit of this cascade is shown in
Part b of Figure 15. The stray collector-to-emitter capacitance of T2,
Cces2s is neglected since it is not significant within the useful frequency
range of the amplifier. An analysis of the AC equivalent circuit shows
(2.52)

iy _( heel )( LT )( 1 )
i I+ry i1/ Rygtiw rp1eCp l+jwre 2Cq 1+R; /Re+j@ Ry C,

Ordinarily, l+rb'e1/R23 ¢ < 1+RL/RC‘< 1
rbtelcp RLCr 1'6 ch
I‘cz
ha>&1 and r, o&h z 1
b2 n gml€ 2 fbl %1

so that (2. 52) gives

2 ) ) heo1/14R; /R (2. 53)
i 1+rb'e1/R23+j“'rb'el [ (cb'e1+cb'els)+2(cc1+CC51)1

l+ry1e1/Rp3

with Wiaab (2. 54)
rb'el[(Cb'el+cb'els)+2(cC1+CCsl)]
g Y2l hee1(Ry/Tprel) (2. 55)
v 4R /RcHjWRy (Cc2+Ccs2) '

The similarity between the above equations and (2. 34), (2.35) and (2. 36) is
immediately evident. The key result is that the Miller Effect multiplier has
hfe RCRL
Thie RC+RL)’
This results in substantial increases in @ 34, while Aj and A, are virtually
unchanged.

been reduced from (1+ which often exceeds 20, to a value of 2.

The approximate value of the bypass capacitor C4 may be calculated
{rom Figure 15. Since

Rys .
Vie2 14+(1-hgp) —==- + jWR45Cy
2_ -, €2 (2. 56)
€m1Vbel TFjw R, Cy
R4R
where Ryg = 4.5 ,
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1 1+(1 -hsz);f:ii
-_ €2

Gy = (2.57)

@F Rys
where @; o is given by (2. 40).
The circuit of Figure 15 is of sufficient interest as a broadband micro-~

power amplifier that the remaining features of its design will now be outlined.
The DC equation for the output leg, analogous to (2.01) is

Vee = Ic2nRetVeB2nt(VBE2nt VCEInt VR In) (2.58)
where  VRin = Ig1pR1%Ic1nR1 = IE2nR1=Ic2nR)
The AC LL, analogous to (2.02), of Ty is
7 Now, the locus of AC LL midpoints, analogous to (2. 03), of T, is
Since Vepan = Vi, = In/Gy, (2. 61)
analogous to (2. 04), substituting (2. 61) into (2. 58) and (2. 60) gives

[Vcc‘VL‘(VBE2n+VCEln+VR1n)]

= 2.62
- _ [Vcc‘ZVL‘(VBE2n+VCE1n+VR1n)] '
and Re = 7. G (2. 63)
L-L _

which are analogousto (2. 05) and (2. 06). In order to evaluate (2. 62) and

(2. 63), the quantity (VRg2nt*VcEIntVR1n) must be assigned a value. Since
I1, is known, by assuming a minimum nominal operating temperature T, a
conservative value for VRr2py may be estimated. From Figure 15 it is
evident that v.o1, = Vpe2n+ The collector-to-emitter AC voltage swing of T
{(elnisquite small so that Vo] may be selected at some constant nominal
value such as 1.0 v which assures that T remains out of the saturation
region at all temperatures. As in Part 1, a practical procedure for selecting
VR 1p i1s to compute and compare complete designs for several values.

With I~ and R calculated, the amplifier design proceeds in a manner
directly analogous to the approach of Part 1. Considering the saturation,
cut-off, and feedback refinements of Part2, the design of the cascode
amplifier again proceeds in a directly analogousmanner with the advantage
that the saturation V, and cut-off I, offset values may be reduced for the
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common base connection, Tolerances may be treated in a fashion similar

to the procedure of Part 3 and temperature compensation follows the pattern
of Part 5. On the basis of simplicity, flexibility and performance, it appears
that the cascode circuit of Figure 15 may be considered as a general replace-
ment of the common emitter amplifier of Figure 8 in micropower applications.
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SECTION 3 - AMPLIFIER PERFORMANCE

In this section typical experimental and calculated results based on the
characterization data of Section 1 and the design theory of Section 2 are pre-
sented. Table V shows the detailed design and performance of five selected
micropower amplifiers which illustrate the major features of Section 2. The
assumed initial constraints are indicative of what might be expected from a
high performance micropower amplifier. The data indicate that useful oper-
ating characteristics can be, achieved at micropower levels and that the agree-
ment between calculated and measured performance appears to support the
design theory of Section 2. '

Figure 16 illustrates the temperature behavior of the DC opérating
point of the circuits of columns 1 and 2 of Table V. As indicated in Table V,
the agreement between predicted and measured performance at the operating
temperature limits appears acceptable, while Figure 16 shows that inter-
mediate performance is also well behaved.

The temperature variation of the total percent amplitude distortion %
D in the output waveform of the amplifiers of columns 1 and 2 of Table V is
illustrated in Figure 17. The measured peak output voltage V, was main-
tained at a constant value for all temperatures. The total distortion is rather
large for two reasons. First, the variation of the forward current transfer
ratio hy, with I is quite pronounced at microampere current levels as illus-
trated by Figures 1 and 4. Near the maximum in the h¢, versus I¢ curve,
which occurs typically in the milliampere range, hf, varies much more
slowly. The second reason for the large distortion is the fact that the source
internal impedance, Rg=50Kﬂ, used in gathering the data for Figure 17 is not
the optimum value for minimizing the combined input and transfer distortion
of the transistor. Due to the monotonic increase in h¢, and decrease in hje
with increasing Ic at microampere current levels, current source signal,
which completely eliminates input distortion, results in the smallest total
% D. For example, by increasing Rg from 50K{) to 500K fL, the room
temperature distortion in the first amplifier (Rg=0) with V1,=0. 18v is reduced
from 16% to 13%. Figure 17 shows that a 50% reduction in the actual peak
output voltage from 0.6 V1 =0.18v to 0.3 V1,=0.09v causes a nearly equal
percentage reduction in distortion. This response supports the anticipated
result for the design procedure that primarily input and transfer character-
istic nonlinearities in the active region rather than more sharply defined
saturation and cut-off limits cause the distortion. The increased distortion
at low temperatures and small collector currents is due to the more rapid
rate of change of hfe with I¢c which occurs under these conditions. The usual
reduction in distortion provided by degenerative feedback is readily apparent
in Figure 17 for the curves of the second circuit where Re=3. 89K ()L,

Figures 18 and 19 indicate the variations of mid-band power gain G
and input impedance R; with temperature for the amplifiers of columns 1,
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2 and 4 of Table V. The pronounced temperature sensitivity of the AC ter-
minal characteristics of the two noncompensated ( ¥ 33=1. 0) micropower
amplifiers is evident. For the amplifier without feedback, G increases by
4.7 db from 23.3 db to 28.0 db and Rj increases 274% from 106KfL to 290K}
for -504 T «100°C. In the feedback case, temperature variations are some-
what reduced since G increases with temperature by 3.4 db from 19. 6 db to
23.0 db and Rj increases 257% from 192K to 494Kf) from -50< T £100°C,
The variation of power gain with temperature is due primarily to changes in
current gain Aj, which are in turn due to hy,, since voltage gain A, as
defined in Table IV remains relatively constant for both Re=0 and 3.89K{} .
The variation of Rj is caused mainly by the variations of hj}e and hyRq
which are in turn also due to hp1e since hy1,¥hp1eh -

Figures 18 and 19 also show that the temperature compensated amplifier
of column 4 of Table V, with Rg=4. 42Kl and 7'23=O. 28, can provide quite
useful values of G and Rj which are virtually unchanged for -50% T £100°C.
This pronounced temperature insensitivity can be achieved by the simple
expedient of using a resistor-thermistor combination for R and R3. In
addition, it is highly predictable as the data of Table V indicate.

The influence of the DC external emitter feedback voltage VR1p at the
nominal temperature Ty, and the dynamic range constant Ky = Ky = K on the
performance of a micropower amplifier is illustrated by Figures 20 and 21.
Figure 20 indicates that for a given K there is an optimum range of values
of VR 1p for which upper temperature power gain G, is essentially a maximum
and upper temperature power drain Pp, is essentially a minimum, For
K=0. 7, this value of Vg, is approximately 1.40v. For small VR]p, the
fall-off of Gx and the increase in Ppy are due to the small values for R, and
R3 which accompany small VRIn. For large VR1p, increasing Ic and de-
creasing Rg degrade the performance. As K decreases, the curves show the
desirable results that Gx increases and Ppy decreases. However, smaller
values of K imply a smaller dynamic range for the amplifier at its tempera-
ture limits, Ty and Ty, as well as a larger operating point drift. It is ap-
parent from the Gy and Ppy curves that high performange circuit designs
are more easily obtained at lower K values where the value of VR]n is not
so critical,

Figure 21 illustrates the dependence on VR]p of upper temperature
input impedance Rjy and output impedance R,,. For a constant K, small
VRln cause low values of Ry and R3 and therefore low values of R;,- The
fall-off of Rix at large VR ]p is due to the small values of R3 necessary to
maintain the required base voltage as well as a smaller h]lex due to larger
Iy values. Rgy decreases monotonically with VR, due to decreases in Rg.
The increase of Rjy with decreasing K is due to the greater operating point
drift which accompanies smaller K and permits larger R and R3. The
decrease of Rox with increasing K is due to the smaller R values caused
by the increases in VR ]n required to maintain the tight DC stabilities
associated with larger K values.
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The effect of resistor manufacturing tolerances on the design and per-
formance of a typical linear broadband micropower amplifier is indicated in
column 3 of Table V. The measured results were achieved using two 10%
worst case design circuits whose resistor values were deliberately chosen
to be at their worst values at Ty= -50°C and at Tx= +100°C as noted in
Table II. The agreement between calculated and measured performance
indicated in Table V appears to substantiate the worst case design theory of
Part 3 of Section 2.

In Table VI the calculated effects of tolerances in the values of R}, R,
R3 and R¢ on the design of a micropower amplifier are indicated in detail.
The minimum power 0% tolerance (@ R=0, "CR=0) design with K=0.5 cor-
responds to the circuit of the first column of Table V while the r=0. 10,

cR=0 design corresponds to the circuit of the third column. It is quite

evident from Table VI that the relatively loose DC operating point stability
associated with K=0. 5 permits large values of Ry and R3 when @ R=0. Con-
sequently, the reductions in R2 and R3 necessary to combat worst case
tolerances up to 10% and above are readily possible with little increase in
total power dissipation. This fact is also illustrated by the d r=0. 02,
K=0.5 and é R=0.02, K=0.7 curves of Figure 22, Therefore, the worst case
K=.5 calculated results of Table VI and Figure 22 indicate that by permitting
a sufficiently loose DC stability micropower amplifiers can readily be de-
signed to accept 10% worst case resistor tolerances and maintain a reason-
able‘(ohe' half full range) dynamic range for a 150°C temperature change.
As indicated by the lower portion of Table VI containing the minimum power
designs and Figure 22, -by adjusting the value of VR1p it is possible to mini-
mize the power drain of a circuit designed with a given resistor tolerance
margin., (It should be noted that the worst case conditions assumed in Part 3
of Section 2 which form the basis for column 3 of Table V as well as Figure 22
and Table VI, are indeed more severe than any physically realizable set of
tolerances. The reason for this, obviously, is that any given circuit can
have either one but not both the worst set of tolerances for Icy and Vogy,
as indicated in Table II. Consequently, the design theory for resistor
tolerances is highly conservative.)

In microelectronic integrated circuits where the resistors are fabricated
by batch processes such as evaporation of thin films of metals or diffusion of
impurities into silicon substrates, it is frequently the case that the absolute
resistor values exhibit wide tolerances but the relative values or ratios of
the resistors to each other are virtually constant. Such constant ratio toler-
ances are not as severe as true worst case tolerances,and a comparison of
the minimum power worst case and constant ratio designs of Table VI shows
this fact. A linear micropower amplifier can withstand worst case tolerances
of 2% or 5R=0. 02 combined with constant ratio tolerances of 20% or ) cRr=9. 20
and larger as indicated by Table VI and Figure 22. With regard to the physi-
cal realizability of the constant ratio tolerances assumed in the calculation
for Table VI, the remarks of the previous paragraph again apply.
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Columns ! and 5 of Table V and Figures 23 through 26 provide a com-
parison of the vital features of the basic common emitter amplifier and the
cascode amplifier with improved frequency response. Figure 23 shows that,
for typical circuits of equal maximum output power capability, the power
drain of a cascode amplifier is less than twice the drain of a common emitter
amplifier. Figure 24 shows that the power gain of a cascode amplifier suf-
fers only a slight reduction of about 0.5 db compared with the common emit-
ter amplifier. Figure 25 illustrates the key advantage of the cascode stage
which is a five-to-ten time increase in cut-off frequency compared with a
common emitter stage. An overall measure of the comparative performance
of the common emitter and cascode amplifiers is indicated in Figure 26. The
gain-bandwidth product divided by power drain provides a Figure of Merit
which indicates the overall superior performance of the cascode amplifier.

It is evident from Figures 23 through 26 that the principal advantage
of the cascode amplifier is its comparatively large bandwidth. In practice,
stray-circuit capacitances which are neglected in Figures 23 through 26
severely degrade this bandwidth. For example, the stray capacitances pre-
sent in the relatively crude experimental circuits on which Table V is based
were larger than the transistor capacitances which'are comparable to those
of device D. In order to determine the device limited frequency potential of
the circuits, stray circuit capacitance was negl'ected in the calculated per-
formance and the measured performance data were corrected for the effects
of stray circuit capacitance. To illustrate the significance of this correction,
the directly measured or uncorrected bandwidths of the amplifiers of columns
1 and 5 of Table V were 15 KC and 50 KC respectively at room temperature.
If these results are corrected to remove the influence of measured stray
circuit capacitances, the corresponding bandwidths are about 25 KC and
120 KC, respectively, at room temperature. Consequently, it is apparent
that the latest advances in microelectronic packaging techniques are neces-
sary in order to properly exploit present micropower transistor capabilities
and approach the predicted behavior of Figure 25.
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CONCLUSIONS

This report provides a rather comprehensive discussion of the static
and dynamic design and performance of micropower transistor broadband
linear amplifiers. The initial consideration in an amplifier design is the
characterization of a micropower transistor. The salient features of the
micropower transistors described in Section 1 are: '

1. Junction reverse currents less than one nanoampere at room
temperature.

2. Forward current transfer ratios, hgg and h¢,, greater than 50 for
collector currents of 1 to 10Aka.

3. Increased sensitivity of the DC forward current transfer ratio hpp
and the fourpole parameters hj], and hy;, to quiescent collector current and
temperature changes.

4. A relatively limited gain-bandwidth product fp.

5. A simple hybrid pi common emitter small-signal equivalent circuit
essentially consisting of the junction barrier capacitances, Cpe and Cp, the
diffusion resistance, rp'e, and the output current generator g, Vi1q-

Assuming that constraints exist on the supply voltage, load impedance,
output voltage swing, operating temperature range, DC power drain and
bandwidth of a micropower amplifier, suitable designs can be generated by
means of the procedure outlined in Section 2. With regard to DC design,
operating point stabilization is affected by: 1) Icgo which may be comparable
to Ig, if not I~, at temperatures of 100°C and above; 2) increased tempera-
ture sensitivity of hpg; and 3) large temperature induced changes in Vgg.
Large-signal AC design is critical due to the restricted dynamic range im-
posed by microampere collector currents and low collector voltages. In this
connection, DC operating point drift, saturation and cut-off effects in the
transistor and both transistor and resistor tolerances must be considered.
Small-signal AC performance is adversely affected by the limited gain-
bandwidth product of micropower transistors as well as the increased tem-
perature sensitivity of their small-signal fourpole parameters.

A key element in the micropower amplifier design procedure of Section 2
is the simple but rather rigorous approach used to unify the DC and large-signal
AC design of an amplifier. Subject to initial constraints, the procedure yields
an optimum circuit design in that it: 1) provides a specified output power ca-
pability over the design temperature range, 2) minimizes amplifier power
drain, and 3) maximizes amplifier power gain. An additional feature of the
design procedure is its adaptability to a worst case treatment of the effects
of saturation and cut-off in the transistor and manufacturing and aging toler-
ances in all circuit elements.
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In the small-signal analysis and design of broadband micropower ampli-
fiers, a unilateralized hybrid pi transistor equivalent circuit can be utilized.
Pronounced temperature variations in amplifier low-frequency AC terminal
characteristics may be accurately compensated by means of a combination of
emitter degenerative feedback and temperature sensitive base voltage-divider
resistors. The bandwidth of common emitter micropower amplifiers is
limited by the Miller Effect capacitance and may be enhanced by increased
transistor quiescent current and by employing common emitter ~- common
base cascode circuits to reduce the Miller capacitance multiplier. This later
technique may be widely used to extend the bandwidth of micropower circuits
without sacrificing gain or additional power drain.

On the basis of the results described in this report, it is evident that
the principal obstacle to be overcome in the application of micropower '
transistors in portable military communications equipment is the limited
gain-bandwidth product of micropower devices and circuits. In order to
improve device and circuit frequency response, transistor junction capaci-
tances, header capacitances and stray circuit capacitances must be reduced
by at least an order of magnitude to about 0.1 pf. The accomplishment of
this objective does appear feasible if the latest advances in microelectronic
device fabrication and packaging are brought to bear on the problem. Further
reductions in transistor active region lateral dimensions, perfection of sur-
face passivation techniques in order to obviate current package forms and
development of passive parts and interconnections with dimensions compar-
able to the transistor are the principal necessary steps toward practical
micropower communications circuits and equipments,
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APPENDIX 1

The general expressions for the base voltage divider resistors R, and
R3 considering the combined effects of manufacturing and aging tolerances
and temperature variations in the transistor, resistors and supply voltage
are

. ,
_ Veglag Rytdp+a [ rRY+bgR 4]

(1a)

R. = -
o3 o 5 Py ¥ry(coR b))
OGRS (O0) R Ip 4 V)
d R, = . .
an ) 2[q Wee VpEy ® Rilgy d3R3IByT . (2a)
where =, BB T3l - R 1032 P, 727 Igy

b’z ¢>‘zIBY VBEx - ﬂ 2 1sx VBEY

by = X Igy VBEx +ﬁ;71 Ex VBEy
=& P 7)1y Ig, -& pz)'lexIEy
ay =%, 0, B 73 Vogy -5 B B Y7,

VaEy
q=a3ﬁ2)—2-a2ﬂ3)3
r=°‘1ﬂ1711£x13y

| s = VpEx VBEy

and O, = (140 o+ cp) Bl =u-8,,-8cn
&, = (1-8 gt cR) B, =+dg,-dcp)
Oy = (148 g3+ d cR) P i=01-9g;5-3¢cp)
a,=0-8)) B =01-8)
7.t e ret T

22t Ty ccat Ty

In the preceding expressions:

a) s R1’ 5 R2 and ‘\R3 represent the worst case resistor

manufacturing and aging tolerances.
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b) JCR represents the constant ratio resistor manufacturing and
aging tolerances., .

c) Sv represents the worst case supply voltage tolerance,.
d) }1, ?’2 and }‘3 represent the resistor temperature factors.
_e) }v represents the supply voltage temperature factor.

As examples of the evaluation of (la) and (2a):

a) For X 5% worst case resistor manufacturing and aging tolerances
sRl = SRZ = & R3 = 0. 05, 0% constant ratio tolerance 3 cr = 0, 0% supply
voltage tolerance 7 = 0 and no resistor or supply voltage temperature
variation, >'1 = )‘,2 = ?’3 = o, = 1.0,

b)' For X 2% worst case resistor manufacturing and aging tolerances
JRI = R2 = 5 R3 * 0.02, X 10% constant ratio resistor manufacturing and
aging tolerancea cr = 0. 10, ts9 supply voltage tolerance Sv = 0.05, a
20% increase in all resistor values over the design temperature range
}‘1 = }2 = 3 =1.20 and a 5% decrease in the supply voltage over the
design temperature range 2y = 0.95. '

In certain cases where temperature behavior is predictable, indicated
in Part 5 of Section 2, it is advantageous to treat resistor manufacturing and
aging tolerances separately from temperature variations via the temperature
factors 71, )’2 , )'3,}‘ and 7.\,. If the sign of a temperature variation is
unknown, the magnitude must be included in in the worst case analysis,



APPENDIX 2

In the case where R # 0, the current and voltage gain of the circui

Figure 8 are given by (
iz _ : (1 ) glnzb'p
T R, + +g R.)Yzw
1 (< m+e’“b'e . '.
1 1+ R23' + j@ [Re+(l+nge) Zble+ngLZb|e] (CC.;.(”
e frTbe ——“sz (4a)
i a
1 R topip{178mRe) c L
r R
b'e L
h = 3 and Z = - .
where Zh'e 1+j@ rb'e(cb'e+cb'es) L 1+JQRLC ces



APPENDIX 3

When the temperature compensation technique of Part 5 of Section 2 is
utilized in an amplifier design, the AC output voltage swing,which is specified
for the design,may be achieved as described below.

Assuming the temperature compeénsation.constraints given by (2. 47)
through (2. 51), the design proceeds as described by (2. 15) through (2. 20) of
Part 2 of Section 2. If Ky is selected, ICy 1s determined by (2. 21). From
this, (2.51) gives Icy for the temperature compensated design. Therefore,
(2. 10) yields Vegy and (2. 22) then specifies the value of Ky which accompa-
nies the compensated design. If this value of K, does not provide a suitable
output voltage swing, another value for VR]p should be selected in (2. 19)
and (2. 20) which will yield a new value for Ky. (An alternate approach is to
select several values for Ky = until (2.51) is satisfied.) R2 and,R3 may
then be computed from (la) and (2a) of Appendix ! where all N's,ﬂ 's, and
7's are unity except 2= ¥3= 7'23. Finally, the R, required for AC com-
pensation may be computed from (2. 48).

It is important to note that in computing Icy and R¢ from (2. 19) and
(2. 20), a value was selected for VRepn which, in effect, determined
Re = Ropy/(Ign - Ip). If this latter value of Re is greater than the value
required by (2. 48), the value given by (2. 48) should be used and the excess
amount should be included in Rj to be bypassed by C)]. In this way the AC
dynamic range will be increased somewhat over the design value, and the
-desired AC compensation will be affected.

If the value of Re computed from (2. 48) is greater than the value
effectively assumed in (2. 19) and (2. 20), the recommended procedure is to
return to (2. 19) and (2. 20) and increase the selected value of VRen and
therefore R, in order to precipitate the situation described in the previous
paragraph.
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Figure 2 - Base Characteristics for Common Emitter Configuration; base
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current IR versus base-to-emitter voltage VRg for various

operating temperatures T.
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Figure 3 - Common emitter forward current transfer ratio hpg versus
temperature T.
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Figure 4 - Common emitter small-signal short-circuit input impedance
hje = hjje and forward current transfer ratio hge = h21, versus
collector current Ic.
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Figure 7 - Base-emitter junction capacitance CTe versus base-to-emitter
voltage VBE and base-collector junction capacitance CC versus
collector-to-base voltage Vg for various temperatures.
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Figure 14 - Micropower amplifier schematic diagram indicating circuit
currents, voltages and component values: (a) at the lower
operating temperature limit Ty, and (b) at the upper operating
temperature limit T.
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Figure 15 - Cascode micropower amplifier (a) schematic diagram, (b) AC

equivalent circuit.
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Figure 16 ~-Micropower amplifier quiescent collector current Ic and collector-
to-emitter voltage Vg versus temperature T.
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Figure 17 - Percent amplitude distortion in output waveform %D versus

temperature T with AC emitter feedback resistance Rg=0, 3. 89K £}
and peak output voltage swing V1 =0.18, 0.09 v.
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Figure 18 - Mid-band power gain G versus temperature T for two noncompen-
sated amplifiers, Re=0, »23=1.0 and Re=3.89KQ, »23=1.0and
a compensated amplifier Re=4. 42K, »3=0.28.
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Figure 19 -Mid-band input impedance Rj versus temperature T for two
noncompensated amplifiers, Re=0, b 23=1.0 and R.=3. 89K,
)23=1. 0 and a compensated amplifier Re=4. 42KN, }23=O. 28.

s2



G, (db)

‘GL 0

PU® QL *0 ‘0S "0=3 juejsuod o8uea orureudp yim 1J sanjeradway
Teurwou ayj) je UIH 5 odejjoa yoeqpesy 1933w D SNSILA 1

jrwar] @anjeagdwe); zaddn ye *Udg ureap 1omod pue ¥n ured zemod - gz 2ind1 g

(A) V¥

2e¢ o¢ 8l 9 vi rA 0Ol

80

20

T T 1 _ T

Ge -

02

(mn)*Y

53



"GL 0 PU® 0L °0 ‘0§ "0=H
juejisuod afuex orwreudp xoy %5 eunjeradws) eutwIou BY3 JB urd
23e}[0A MOBQPOSJ I1933TW® D snsaaa X jtwil eanjexadwal

axaddn ayj 3e ¥%yg oouepedurr ndino pue Xy souepoduur ndul - [z andrg

:_z>

0¢ 8l 9l vi | 2l ol 80 90 O rA o

~—(A)

T 1 _ % _ _ T —1°
—06S
— 00l
—{oo2
—oo¢
go=M' "y

—00¢

54



. -dD 4

2DOUBIL[O} I03SISOI OTJBI JUBISUOD pue U @ 9OUBIDIO} I103ISISDI 9SED

3sIom ‘3 SJUBISUOD 9FurI OTUWIRUAP JO SUOIJBUIGUIOD SNOTICA IOF

ug eanjezoduwe) Teurwou oyl 38 UTU 4 o3®1104a MOBAPOS] 19T
N snsasa X1 gty @anjersadwal aaddn e ¥Ag ureap zemog - gz 2anJi g

(A)NEA

el 9l Vi ra o'l 80 90 vO rAe)

I _ _ ! I I | | _

S0=)
0'0="¢

ol

o¢c

oge

ov

(o]}

09

04

e
plel



: Ty speot
STIOTIBA YJIm sI3iyI[dwie apcIsSeD 3yl pue I333TWIe UOCWWIOD 3Yy] 10§
Uy asanjexadwal reutwou ayj) 3e UTU p a3e3joa Moeqpaay 193)1wad
0 snsaaa X7 jruury aanjeasdwo) 1addn je XA g ureap zomog - ¢7 axhdrg

6.0l

¢l

Ol

("A) z_m>
92 v222 02 81 91 vI 2! 01 8 9 ¢+ 2 O
[ 4 ¥ 1 T 1 1 1 ] | T i 1 ¥
G'0o=Y !
B1005= 'y -
d3141TdWNVY
¥311TdWY T IV i
oas=Ty F 1
\\\\.\\ // H
\ ..
\ .
.

¢.Ol

(s11vm) %4

56



.WHMH
SPBOT SNOLIBA YItM SIDIFI[dUUR 2PODSED 9Y) PUL I233TWID UOUILIOD

oy3 xoy U1 @anjeradwa) TRUTWOU 9y} 3 UIU A o8®ij0A yyoRqpO9)
1911w D snsioa N, jrwary eanjexodwo) zoddn je ¥n uted xemod -

('A) Z_m>

be 2¢ 02 81 91 1 21 01 8 9 ¢+
_ _ T

P2 @andrg

(0F4

1 | | 1 I

L |

. G'0=

TAS= 'Y,

43131TdWY g

30005VO A0S =Ty, |

|

\ TM00s=Ty, ______

T1005= "4 -y

/

310G =y
TAG= 'Y

d3141T1dNV 3D

57

(qp) *99




*Tyg speot

SNOTIBA YItM sI91JIfdwe 9poossed oY) PUB 193)TUIS UOLUIWIOD Y} IOJ

Uy sanjexsdwe) reurwou ay) je YU j o8ejjoa yoeqpoay 1031wro
OQ snsaaa X3 jruar] sanjeraduwsl xaddn je ¥APE ,, yipimpueg - g7 2an81 g

(A) NEA

g92.v2 22 02 81 91 I &1 Ol 8 9 ¥ 2 O
LB I I I

J ! | ! 1 4 I T 1

S0=A _ TH00G =y

|

Ltritd

mu_“:._n__m__m 51051
\\.\\.\“ﬂl\.l\”//
-7 UA00G="Y N
A HI141ITdWY
UA0S= 8 \'3000SV0-

I

1

e
Wit it i

ol

Ol

Xap g
}

(Sd2)

58



*ITyg speoy snotrea yimm saoryiydure apodsed 9yj pue I933rwud
uowrwiod ay3 x03y U3 sanjeasadws) peurwou ayj je UTUp aldejjoa
Moeqped) 1911w D SNsIda XJ jtwar sanjeradway raddn ayj je

XA g /¥IPtem Xy ureap zomod Aq papraip 1onpoxd JIpimpueq-uren - gz 2anJr g

Ay VA

o

r ! | { ] ' T ¥

be 22 02 81 91 v1.21 01 8 9 v <&
| B I N |

G0=) .
TAS= 'Y
T10G= 1Y
Z
THA00G = Y e
43I41dWY 3D
TAG='Y
vAOS=NY T T~
THO0G="d ~ "7 — o TN
~~ N

H314IMdWV 300JSVvI

| .

A1 1}

L

L

[ T T |

ol

el

Ol

XGd
xqumxg

)

Ol

11VM
oI qp

(

Ol

59



DISTRIBUTION LIST

No, of No, of

Copies Addressee Copies . Addressee
3 Commanding General 1 USAELRDL Liaison Officer
U. S. Army Electronics Command U. S. Army Combat
Attn: AMSEL-AD - Developments Command
Fort Monmouth, New Jersey CDCLN-EL

Fort Belvoir, Virginia
l Office of the Assistant

Secretary of Defense 1 Commanding Officer
(Research and Engineering) Engineer Research and
Attn: Technical Library Development Laborsatories
Room 3E1065, The Pentagon Attn: Technical Documents
Washington 25, D, C. Center

Fort Belvoir, Virginia
2 Chief of Research and

Development 1 Commending Officer
Department of the Army U. S, Army Chemical Warfare
Washington 25, D. C. Laboratories
Attn: Technical Library,
1 Chief, United States Army Bldg., 330 ‘
Security Agency Army Chemicel Center
Attn: ACofS, G4(Technical Maryland
" Library) :
Arlington Hall Station 1 Commanding Officer
Arlington 12, Virginia Harry Diamond Laboratories
Attn: Library, Bldg. 92
1 Commanding Officer Room 211
U.S. Army Electronics Research Washington 25, D, C.
and Development Activity
Attn: Technical Library 2 Headquarters, U, S, Air
Fort Huachuca, Arizona Force
Attn: AFCIN
1 Commanding Officer Washington 25, D, C,
U. S. Army Electronics Research 1 Rome Air Development
and Development Activity Center
ATTN: SEIWS-AJ Attn: RAALD
White Sands, New Mexico 88002 Griffiss Air Force Base
1 Commanding Officer New York
U. S. Army Electronics
Research Unit 1 Headquarters
P.0. Box 205 Ground Electronics
Mountain View, California Engineering Installation
Agency
1 Commanding Officer Attn: ROZMEL
U,S. Army Electronics Materiel Griffiss Air Force Base
Support Agency (Attn: SELMS-ADJ) New York

Fort Monmouth, New Jersey



DISTRIBUTION LIST (Cont)

No, of No. of
Copies Addressee Copies Addressee
Commanding General "1 Chief of Naval Research

U,S. Army Materiel Command
Attn: BR&D Directorate
Washington 25, D, C,

Bedford, Massachusetts

Attn: Code 427

. Department of the Navy

Washington 25, D, C.

Aeronautical Systems Div. 1l Bureau of Ships Technical
Attn: ASNXRR Library
Wright-Patterson Air Force Attn: Code 312
Base, Ohio Main Navy Bldg., Room 1528
Washington 25, D. C.
U.S. Air Force Security Service
Attn: ESD 1l Chief, Bureau of Ships
San Antonio, Texas Attn: Code 454
Department of the Navy
Headquarters Washington 25, D, C.
Strategic Air Command
Attn: DOCE 1l Chief, Bureau of Ships
Offutt Air Force Base, Nebraska Attn: Code 686B
Department of the Navy
Headquarters Washington 25, D, C.
‘Research & Technology Div,
Attn: RTH 1 Director
Bolling Air Force Base U.S. Naval Research Laboratory
Washington 25, D, C. Attn: Code 2027
Washington, D, C. 20390
Air Proving Ground Center
Attn: PGAPI 1 Commanding Officer & Director
Eglin Air Force Base,. Florida U.S. Navy Electronics Lab,
. " Attn: Library
Alr Force Cambridge Research San Diego 52, California
Laboratories
Attn: CRIL-R 1 Commander
L.G, Hanscom Field U. S, Naval Ordnance Laboratory
Bedford, Massachusetts White Oak
Silver Spring 19, Maryland
Headquarters
Electronic Systems Div, 20 - Commander
Attn: ESAT Defense Documentation Center
L.G. Hanscom Field Attn: TISIA

Cameron Station, Bldg, 5
Alexandria, Virginia 22314



No. of
Coples

1

DISTRIBUTION LIST (Cont)

Addresses

AFSC Scientific/Technical
Liaison Office

U.S. Naval Air Development
Center

Johnsville, Pennsylvania

USAELRDL Liaison Officer

U.S. Naval Research Laboratory

Attn: Code 1071
Washington, D, C, 20390
USAELRDL Liaison Officer
Massachusetts Institute of
Technology

Building 26, Room 131

77 Massachusetts Avenue
Cambridge 39, Massachusetts

USAELRDL Lisison Office
Aeronautical Systems Division
Attn: ASDL-9
Wright-Patterson Air Force
Base, Ohio

U.S. Army Research Liaison
Office

Lincoln Laboratory

P.0. Box 73

Lexington, Massachusetts

USAZLRDL Liaison Officer
Rome Air Development Center
Attn: RACL

Griffiss Air Force Base
New York 13442

No., of
Copies

1

USAEMSA Liaison Office, Far Eest

Signal Office, USARPAC
APO 958, U,S, Forces
San Francisco, Californisa

Technical Director, SELRA/CT
Headquarters, USAELRDL

1

Addressee

USAELRDL Liaison Officer
U,S. Army Tank-Automotive
Center

Warren, Michigan 48090

Marine Corps Liaison Office
SELRA/LNR, USAELRDL

USACDC Liaison Office
SELRA/LNF, USAELRDL

Commanding Officer

U. S, Army Security Agency
Processing Center

Deal Area - Bldg. 5001

. Mr, A, H, Young

Semiconductor Group
Code 681AIA

Bureau of Ships
Department of the Navy
Washington, 25, D, C,

Chief, Technical Information
Division, Hq, USAELRDL

USAELRDL Technical Documents
Center
SELRA/ADT, Hexagon

Director, Electric Components
Department, USAELRDL

Director, Solid State &
Frequency Control Division,
EC Department

Deputy Director, Solid State
& Frequency Control Division,
EC Department



No, of
Copies

1

DISTRIBUTION LIST (Cont)

No, of
Copies

Addressee

USAELRDA-White Sands Liaison 5
Office
SELRA/LNW, USAELRDL

AFSC Scientific/Technical 5
Liaison Office
SELRA/LNA, USAELRDL

Director, USAEGIMRADA 25
Attn: ENGGM-SS
Fort Belvoir, Virginia

Chief, Microwave & Quantum
Electronics Br.,, Solid State 1
& Frequency Control Division

Chief Scientist .

U.S. Army Electronics Command
Attn: AMSFL-SC

Fort Monmouth, New Jersey

Commanding General

U, S, Army Satellite
Communications Agency
ATTN: Technical Documents
Center

Fort Monmouth, New Jersey

4

Addresses

Chief, Technical Staff,
Solid State & Frequency

" Control Division

Chief, Piezoelectric Crystal
& Circuitry Br., Solid
State & Frequency Control Div,

Chief, Semiconductor &
Microelectroniecs Br.,
Solid State & Frequency
Control Div,

File Unit Nr.1, Rm 3D-116
Hexagon

Army~Ft Monmouth,NJ~MON L012-63



PR ‘arerp Taacd JITITTIRR eazTATUTE () ‘sPuur aamg
| -wxadma) SPTA W Xaao L3TTIqUdme tanod andino Il
-TTdme potIIvads ® eopTAcxd(1) :eubruyody ulisep AW
‘SUTRIINTO0 TILTUT 03 3I30qNg  “IITSTTdme Jasod

~wradTe] IPTA ¥ J3a0 L377Tqedwo zaaod ndino IaTF |
-1idee patryoads ® sapraoxd(T) uoauﬂ_nnuou ufBrsep Iqy
_ ‘#IUTEIIBTUOD TUIITUT O3 303(qng xatyTrdmm Saaod A_

— —— — —— — — —— — Sum— m— moa— —— — D sy C— —

~QIDTE ¥ JO UBINID JY TPUE18-3BIWT pue 0O a3 03

qowordde pITITUR W $IPTACIT 1T WYY 97 SNBTUGDSY ST
JO AMIWIZ JUITTE ¥ °POSTAID Weaq 9wy SIITrTrduw

— pUeqQpeodq JPSUTT UT S35TASP 989y} JO uorjeaTTdde _
a3 207 abTUYRI aBTeIp wmyydo WY ITQUTTRAR
AR are s313dmm o _OT JO $IUIIIND JORIITTOD I0F oS

~ox5Te ¥ Jo uBYssp OV daﬁwﬂmabmudn Taw X3 W 03
gowozddw pItzTOn ¥ sepracxd 1T WYy ST JndIEyoay STm
JO MMIVAZ JUATTVS ¥ “DIITAIM. U93AQ WY 31T rdue
PUBGPEOIQ JEIUTT UT 633TAID #say3 ;o uopjectrdde

Q3 07 nbrumoeg uwiieep Wwrido GF  cITQETTRAR

. Aot aTe garadme ,_OT JO $30IIND IORDITTOD IOF 0f
FOFEOVIOZEITT ASBL ¥Q “IIT mwqy 2939l S0TH0Y I25AURIY HERLITO I933TWR GORMOD _ 209S0VIO0ZTIOT sel ¥q  °IIX T, 1299508 S0TIRT T9FEURIL JTALIND I93TR TUCTEMD —
- gwgacs m obﬂu MNU.”W..W wmow VoW sazedie (0T Q3 IPTTVEE SIUALIND 98IBASI ‘e N furnouuoq 340l e sazodme ;_OT w3 ISTTWIS #a0azind 9exaAa
» OT@A wotiouny 31qIOXe gOTUA SIojeTewer: IwweTd QOSTTIS saTJIoeL0qeT jusudoTaasg ¥ To3oun 1IQIGNS TOTHA muounﬂnqu.uv. Teowpd BOSTLIS
| PIressy sotvaniosTy Lary 11 - Yolessay $OTuOd}IITT AmIV I B e ]
— ar “Toren 3oday pPaTFTeswTII _ ; “q °p ‘TouTey stoday pTFTENTIm _
“0 “srresaiy (20950¥T00290T XwAL W) ‘4 ‘SR (20950VTC0Z200T I7RL Y1)
e et 9gf2 3godey TEOTUGOAL TOITAY) ‘93T 6 *0 ‘sTTP2Td 9gE2 Aoday TYOTIPAL TITIY) (8352 6
— ¥ g ‘uosTid °I ‘sarqer ‘- wnTTT ToOT -4 6 ‘96T Iaquerdam _ *Y Y ‘uosIIh I ‘sarqey ‘- omrTT ToUT 4 88 ‘€967 Jequmydag —
sTITIdRY JoasTeORIy - ‘TPUIM Q'L WO SO N ‘STTRIINL ‘0 ‘TOTID “TOUT Q" VOW 8STY A ‘STTPZIIL O ‘UOSTTD
.o wﬁww T o38% € ‘Yd AQ ‘SURTITIINY SVANDT HOLSTSNVEL HEMOL sIaprTTduy IogsTsURIL € ‘¥'d £q ‘SUSLITIIRY YVANIT HOISTSNVHL ¥EMOd
hd ﬂowwﬁ&!ﬁ ¢ OUOTH 4D ZDNVIMQREA STAVIID QMY DLIVIS SISITIdRY STUAIOITIOR 2. ~OMOTH 40 TONVWIGINEL OTHVNAD ANV OTIVIS
203919me1y, xanodoros . °f "N ‘unomiof 3104 ‘sstiojedoqe] _ szetyTTdny *p *N ‘UINOTUOR 340§ *SaTI0RRI0QET
W 1 AremicTaAx] PUS UOIRIeN $ITUAIOITH Amry TOISTSWNLL IAanodoIoTH T

supmioTasa] DUR TOIwes SOTUQXRSITE Amxy
CITATSSYIONM

“ATq - av _ QETLISSYIOND amg av _

_ pav ‘urexp Jaaod xaTyTTdme sozTETUTH (2) ‘aTwmex aumg pue ‘orwrp Janod ZTJTTEN® ISITHTUTH (2) ‘efuex FX. .Y _
-3xdme] IPTA ¥ 1340 L31TFQede0 taaod 3ndno I3TZ -9Iodme] IPTA ¥ Iaa0 L3TTTQRE®D X andano BIF
-77dme patIIoads ® sITTACXI(T) :SrdTWMPI wWITEIP IWF -¥Tdwe potsToads ¥ soprAcxd(T) :ondbywypds uBTIY g
‘27UTRIISUOD TUTITUT 03 303fqng Itz iTdme Jamod | (33UTeI3FUOD TVIITUT O3 2030qhg  “IATIFTds™ Tanod
_ ~OIOTE ¥ JOo USTSIp OV TPuf1s-a8I%T puw OQ U3 03 ~OISTW ¥ JO USTEID J¥ TRUB{E-a8IwY Duw oI 343 03
gowardds pITITUR ® 39pTAOXd 3T 49Ty 9T nbIUYOL STW govoxdde PITITIN v soptaoad 37 3wys ST InBTOPOIT TN

JO WNIVIJ JUWITTES ¥V  *DISTAID U9q 997 sITyyidum JO IM3¥RT JUITIVE ¥ 'POSTASD Wesq ¥Ry sIaTITTdem -

— PIeQPROIq JEAUTT UT $20TASD asayi Jo uofzeojrdde — pueqpEOIg JBSUTT UT $207ARD @sayl ;o umotjestrdde —
943 J07 onbrundey USSP wwRyido WV - ITQUTTRAW ST X0 JBTUAGIIG uSyesp wrurpido WY ~ITQUITRLR
nou axv sarddme . _OT JO $3USIIND JO3OITIOS I0F OF AOU 3I% gar3dn® , 0T JO #3TSLINO I0RDITTOP IO 0OF
Z09SOVTO0ZZ9DT Asel ¥q  °III ™ 193938 -o,ﬁnw- IIJEURIY AUAXLIMD I3} TUS TOUIOD Z09S0VTIO0ZZSOT dsel vO  *ITI BTy I3983aT BOTFRE JSJEWRI] USIIND JTHS TOURID
_ f N ‘danoutoy 3Jod POw sazedme  OT O3 I9TTVWS §AUSIIND 9813Aal *f N ‘uypnounuon 340d Puw 9339dme ¢ _OT VO3 IOTTVWE 93TISID 98I8A3X
serJojeloqe] juamdorasag ¥ nor3ounf 37qIOXe UOTQA $Xojsiemsx} Iewerd wOOTTIS seTaojeoqe] qusudoreasq ¥ votgounf 3IqTUXe UOTUA 9I0387suey3 swowrd WOSTTTS

YOJEISIY STTUOIFORTY Amay  IT . UDJIERSIY SOTUOIFOS T AmIy °*IT

— “a *r “TPUTeH qroday peTIIEsYTOW — ‘@ *r “ypursy 1xodog PITJTISYLOM —
‘u fssTy (Z09%OVTO02295T Xwel V) M ‘ssTY (80950¥T002290T X¥al WI)
*0 ‘sTrezyTd ogt2 sxoday TeoTnUPAL TAWIAY) "9IX § "0 ‘SITEZIN 9gte 3xcday TeOTUQDAL TOFIAY) ‘eI 6

sy -y fuosTrn ‘sorqey ‘eomrTT Tout *d 65 ‘E96T Iaqueydeg 'Y Y ‘uosTIn ¢ ‘3oTqRy ‘eouTTT Tout -4 &5 “£96T Isqmesdes

~ ‘TPUTIN “q°Lf PU® 98TH M ‘STI¥ZIZTS ‘0 ‘WOSTID “TPUTSH G f TU® IS8T ‘M ‘STTeI3Td 0 ‘TOFTTD

I

sIa7yTTdUY 103sTIURLy - “¥°H £q ‘SEATITIINY SVANTT HOISISNVEI TIMOR SISTITTAmY oRTSWRIL  -C ¥ £q ‘SUNTITIIAY EVINDT SOISISHVEL HIMOI
2
T

I

€

8I3TTdOV OTROIMOITICION 2
sz vdey

J033TsWRL] JancdoXOTH T

~ONOTH 40 IONVIHOMEL 9IWVEAG QN OILVAS SIPTITTdMY OTROIIVITICISTH - ~ONOTN J0 ZONVIHOSHEI OTWVIEG ONY OIIVIS
*p °N YINOMICH 3404 ‘sITi0FRIOqE] SIITIYTdmY

*P N ‘UInomUcK i ‘seTIojwdoqel
ATemloTIA] DU QOINaSH] FOTHAILOSTH Amry I039TEWRL], IoA0dOIOTH ¢

juemloTaaaq PUe TOIVOIN $OTRAIFOITY Lmxy

TILLISSVYIORN AT av CITLTSSVIOND

L A et e T N —

AN av



— ep— oem——m—.

*szaacd Supqerado ZaSIWT 207 ITARITRA® A(Tpras I
IPTAPTNQ UL $3USTRACKITY I9U3ITY  *3TMOXTD PO
~§%0 Y3 WY ITqTssod SISVAIOUT IWT-IATT O3 -GN TITA
M SZ 03 O L 3noqw moXy AYTRA SWPTAPURq I9TF
-Trdwe ‘saoueiroedes JTROLTD LBdls pue seouwqtoedes
ISTIIRG IO38TSTRI} wo Burpusdag c8IOYSTSIT FTNOXTD
TT® U0 SUTSIPY 30UBIITO} IFWD 38I0M §0T 34300%

ued JaTJTTdwe STYY ‘A $T°0 03 POOTPRI 8T L3TTrqedeo
afwiToa PROT Wead 93 JT QP 62 Jo uUTRHS Jamod B
P A o OTXEZS JO UTRID Xamod ¥ 207 D,00T S I 3 05-
__ 7 sBuex sxnywxadimy a3 JIAD ISVITOA PROT IV

qwod A-gT°0 ® spTacad Uws swmo , OTXS JO ssomwpedmy
0IN08 puw peoT WA L1ddns vaombonﬂ % moxy Sury
~8x9d0 IFTITTArR IaA0doIdTE PIRQEEOIq IS33TEe TOWIO Y

"8ofUed WMyeIadneg IBIVY ¢ FATITSROSUT ATTVNIITA Iv

330Uvpdnly TPUTRISL PUB UTES 980YM PIUSISSD Wsaq AAPY
1373 TTd® Taaodoxotw ‘anbyunoes wotqesusdmos aang
-wiadne] IO38TEISY} STANMTE ¥ SUTSN  C3TNOILO SpPOISHD
® O FUUIW Aq PISTUMUL ATITWITITURTE oq Lvm mpla
-pUeq JITJTTANV °3ITWOITO 3USTRATADS xo3sTswer; Td
PRIGAY PIZTTEISVITAR ® JO STFRq 3y mo pojorpaxd
L133wI0d08 9q W0 8197 TTdmR zaacdorotu jo ssuodssl
. fowenbary oY - SUTAIVN IOURISTO} JOISTIAT pPue
JCISTITRIF BUTIIPTSVOD SISTITLAW® IwoUIT JIN aIn
-psooxd UBTEIP 958 33I0M ® IO STERQ U3 S SaATISE
OST® INBTWP} UPIesD mrumpzdo sy ‘WOT3eITFTDOW
192178 I UTeS Jamod IaTITTATN sezTUTIeN (€)

rszaacd 2upqerado IBIWT J07 STAVITEAW LTSI 2I®
TIPTAPUR UT $IUSTAGIAW] IPYIING  *3TNOILO 9Pod
-5%> 93 UT JTQTssod 99IPIIOUT IWIJ-SATI O3 -0m3 TITA
O 62 03 O L 3n0Qe moxy ATRA SQIPTADPURq I9TF
-Tidwe ‘secuevqtoedes 4Inoapo feajs pue seoueqroedeo
I9TITRY JO48TSMRIG uo BuTpusday  cSIOFETESIT FTROITD
TT® GO SUFBIVE 30URISTO} a9ed j8I0m F0T 3ded®

uwed JeTJTTdWe STY3 ‘A $T°0 03 PEOTPAT $T A3TTTqeded
sPwaToA PROT Yad 33 JI QP 62 Jo Uyes Jasod @
paw n‘w.oaumw Jo upexp Janod ¥ I03 D,00T 5 & 3 O5-
SZURI arnywxadi@s SU3 IBA0 IBWITCA PEOT IOV

y9od A-gT 0 ¥ 9PTACId WED FUO L OTXS JO SUSTEpIdm
soanos puw peoT Tata L1ddns uc_.omuoohﬂ. ® mogr Jury

~uzdo ITrTidwe IoAodcIoTW pURCPROIq J94TWe TOWMOD Y R

ssefueqo sInywredmey JBIWT OF SATITSUSITT LTTPNLIITA &I%

seouwpadul TPUTHIS] PUV UTES 200K DITITESD WG SARY
sI3TITTED® IsaodoIstw ‘enbluyods uorywsuedmos sxmg
-erednel IO3STHISY: STAWIS ® BULS) *3INOILO SpPOISwWo
® 7O SOeSW Lq POOURGUS ATIUMOTITUSTS sq AWn U3pIA
-PURQ IJTITTANV 1 TNOITO USTRATIDS JoasTSwezs Td
PTIoAT POZTTRISIVITUN ¥ JO FTFBQ 3 uwo peajorpesd
ArorBMo0® 9q TWED SIPTITTdW Jamodorotw o esuodssI
Louenbady ol - UTSIVE IDWBIITOY JOISTEAL PI®
I0LSTSTRIG BUTIIPTFUCO SIITITTIW IVIWFT J07 =
-poocxd uZTESP IEWD 38I0M ¥ JIOT SIFRQ I IV SAAISE
osT® ablup®y Wissp wpsdo sT7 ‘UOTIeOTITDOR

—— m— av—

QITIISSYIONA

Smmcame o te——

CITIISSYIoONN

ey emacen e S

“szamod SUT3eIsdo e8I 30F STAFITRAY ATTLWS 1w
TIPTAPUNG U $IWTeACIIWT ISTIIMI  *3TNOITO IPOD
-5%0 373 UT JIqysscd SISVSIDUT SWYY=3ATS O3 -0ma TITA
O 62 03 O L 3n0oqe woly ArwA SYIPIAPURg IeTX
~trdwe ‘sesuvqroedes TROJTO felis pue saouesroedes
JISTII8q J018TsueIy Uo Sujpuada@ SIOSTSAT INOITY
TI® U0 SUISIvEm POUWBISTOR ISVD 38IOA 201 3dadaw

ued JsYJTTdme STl ‘A $T°0 03 PIdMpax sT A3TTIoRdEd
s3%370a PROT Fwad 943 JI QP 42 Jo uIv? zaaod @

e A w-odﬂmm Jo uyeIp tamod ® 307 0,00T 5 I 3 05
_. 7 e3aey srmjuradimi g3 JWA0 ISWITCA TROT OV

yead A-gT°0 ¥ 2pTAczd wes sugo :o.ﬂxm Jo saomwpaddy
doIniog puv PROT G3TA A1ddns 370A-99aQy v mosy Sury
~ag12do I31777due IeaodoIoTm PURGDUOI] JI3TE2 DO ¥V

-sofueny aanjwrsdms ISIVY O3 AATITSULIUT ATTVNIITA aT®
$90UwpAWT TYUTAISY PUVY UTRS 2807A PIUSTEIDP Tavg IAV]
sIatsTdre JanodardTw ‘anbruudey woresTAdmus aamy
~axadmey xCasTRIsyy oTduys @ Sujsy  C2PNSID IPCITEO

® JO sUBIW £q PIOTRHUY AT3WROIITUSTE 9q Lex qpla
-pTwQ I3FITTERY  *3TROJID 3USTRATNDS JotsTstez; Td
PTIaAY PIZITBIFIW(TIN ¥ JO STTRQ Q3 UC pezoTpaad
£7928M008 9 RO SIITITTA® Iaa0doIdTw Jo wsuodsal
Louerbary SW SUIEIRE 2OTRISTOT JOISTSAT PUe
JO1STSURIZ BUTISPTIRUOD SISTITIAWR JUSTIT I03 aIn
~-peold UBISID 9SBD 3SICA ¥ JOF STSHG MG TV SIAIIE
osTR SNDTCIR? WETSep wnmrido U3 ‘UOTIVSTITDOR

2UBTTS YITK  Tped Jeaod I3TITidme sszrwrxeE (£)
-srasod wﬂdh&.mﬁumglﬂow uﬁn.dﬁ?ﬂluﬁuﬂdmuu aze
TIPTHPURG TT $ILITRAGIATT ISGIING -3 TNSITS SPad
~6%0 U} UT ITqIS30d 9ISVIIOUT IWT3~3ATT O -GAS GIFA
O 62 03 oM | 3nOQV WoIT ATRA SUIPIADUwG IRTT
~I7dwe fsssueipoedes 1TnodTo £BIgS pue seouegroeded
I9TIIWq X038TewBIY wo urpuadsd  EI0RETEAI TTIOITD
TI¥ UC SUTSIVW 0UBILITOL 9582 38I0A *o,n 3&a00w

ued JSTITTdWe STY3 ‘A ¢T°0 O3 peonpsx st Lrrraeded
38w170a peoT Yead SU3 JI  *qP 62 Jo uTed Tanod ¥

pae & w.odnmm 20 uTeIp xamod ¥ I03 05001 5 T 5 O
_ S2uRI sxnyeradmes I3 IPAO0 IFWITOA TWOT OV

Fead A-gT°0 ® apTacad wed swmo . OTXS JO sasTepadmy
soanes pwe pwol MyTa frddns uﬂnmbokﬂ ® ™z Surs
-~axado 19trTTdme I9A0dOIDTE PURQYEOIq I9ATES WOTIIOO Y

rsofuweme sumgBrddme) SBINT o SATLITSTSSUT ATTVNIITA aIW
seowepadd] [PUTRIVY puv UTRE ss0qe TPIUBTSIP WeIQ AWy
sI3T3TTdee zsmodoIoTm ‘onbTUGO?] mOTIREHEdmOD aTG
-813dmss zossTurawy oydmys ® Suysn *3INOITO IPOIFWD
® JO SWEIW Lq PIONEUUS ATIUWOTITUNTS 9q Awx qIPIA
-PURQ JRTFTTANY  ITNOJITD JUSTRATIDS ojefevery 1d
PTICAY PIZTTEIIHTION ¥ JO 3T8BQ SU3 WO Peaorpard
LT9180m008 80 Wed IXITITI(MR Jamodoxotm yo wcuodssy
Lowonbazy ayg - suTlSawm SVWRIITOT IOINTEAX Pav
ICISTRURI BUTISPTIUOD SITITIERR IWSUTT JOF aXn
-paocrd USTEID @5W0 3808 ¥ IQF STERQ IY TR SIAIIE
osT® Inbrumoey uiTssp wmyzde ey ‘BOT3LDTITDOM
FEBTTS WITH  uTe® I3mod ISTITTERR sozTwWIXWE (€)

e g el e vl . cememe cmmm—



20950YTO02Z90T Asel ¥a
‘P N ‘yinouwliof a0
satIotvIoqeT quamdoTaAaq ®

*q L “TPuTSy
‘M “ssTY
*0 ‘STT®23Td

_
_
|
_
|
_

Y g fuosTR) °I ‘saTquy ‘-onyYT Towy +d 65 ‘£96T Isqmesdsg M ¥ g ‘UoSTTH
‘TPUTH “Q°f DUY SSTY ‘A ‘STI9ZaTd 'O ‘UOSTID
I ba-Loig o i ol V¥ AQ ‘SUETIIIENY SVANDT HOLSTSHVEL WZHOd SIDTITAW TS TRy
ﬁmﬂﬂ&z ¢ -OHOTH 40 HONVMHOIIEA SIWVNAG QMY D1LVIS SIITIFTERY OFUOIFOITIOIOTH
_ oS umﬁbmo.nowz . *p °N YInoOmUCH 3J04 ‘ssTI0qel0QE] m STaTFTTdmy
T uendoToA50 TUR DOIBISRY FOTUCIIONTE AMIy X013 TSURI], IancdOXOTH
a. GITATSSYIONN -ATG a “ QILITSSYIOND
— — — ou— ‘Og— So— m—— ——— S—— —— ey e aawe o—— Ty, owrrace —c—
~ PR ‘upeap zeacd IPTJITTID® sszTWIUIm (g) ‘sfwer armg
~gxadmey STIA ¥ J3a0 L3TTTqwden Jemod andano IITX
~t7dmm potsoxds v gapracxd(T) :sudrmyoss wdTeep I
f9UTRIISUCD TRTITUT 03 303(qRg  ~ISTITTdmm Jasod
_ -oI0T® ¥ Jo USTEP OV TRUITS-oBIET DUV OO Uy 05
Tovordds pPoTJTUR ¢ seplaoxd 37 9%My ST onbTmiosy STM
JO JMIVSI JWSTTEE ¥ -DOSTARD WeIq §I SISTITTAWS
_ PUBQpPROSq JesuT] UT $39Taep 2ssy3 jo uofjectrdde m
o3 oz STDTUMOS3 UWBTsSp wWmrido wy  +STqETTRAR
»#0G x% saxadme . OT JO 23UaIInd Jo3osTIOD X0F 0F
ZOGSOVIOOZZ9OT dsel va  *III ey J9gwsrs oTiwl JSITURIL AURIIND I93TED TOUUWROD “ Z09S0VTO0TTGOT Hsel va
m ‘P N ‘uIncuuop 4o puR sarsdme ; O UMY IOTTPHS S3USIIND 98T9ARI | *p N fusnouuoy 3uo04
seTloreloqe] jusudoranag @ TOTROUT{ 4TQTNXS UOTGA 9Io3eisuexs reweid OSTTIS | SOTI0jRIOqE] usmHOTEAd]
YOJERSSY SITUCIFOSTH Lmay 1T . UdJIeassy SOTUCIORTY Lmay
_ q *r ‘TpuTey sa0day POTFTISETOW u G *r ‘Touteq
M ‘SSTH (2095 0¥T002290T M99 Va) *M ‘sSTH
*0 ‘sTT®Z3Td 9g€2 2Ioday TwOTTIORY TQWTRY) BIRT 6 °0 fsTTeza1d
'Y g ‘uosTrn I ‘sovqer ‘-enTrT Tour -d 65 ‘E96T Isqmeadeg ‘Y °¥ ‘uosTip
“ “TPUTOH *Q-f TS SSTY 'K STI¥3Id 0 ‘TOSTID M .
57973 71dmy JoasTswRIL  -f vy, Aq ‘SETTATIAWY HVENLT HOLSISNVHI 4IMOL SIITITIAMY Z098TsTRAL
SIPTFFTAWY OTROIIOITICNN -3 ~CHOTH 40 SONVWHOMNEA OIHVEAD Qv OTIVIS , STPWFTIdY aruolssstsczory
_ sTatzTTdRY *p *N ‘UYIROWUOK 3303 *SSTIORIOqET m SXITITTdmy
203978WNI], IamodOIOTH T JmemdoTeraq TU¥ GoTwsSy WSTueIIosTE Ay | To1sTeURS] ZomodoIdTH
CILLISSVIONN -ANT ayv EHIATSSVIOND

UOJERSIY SITUOIOITY Lmay ¢

‘III

pue ‘oTerp soaod ISTITTENW $IZTWIUTW (3) ‘ePuwer amy |
T ~n1admaq SPTA W Jaao L37TIqedwe xamod qndino I8TZ
-77dme patrroads w S9PTASId(T) :enbiumoey WEISeD Iq3
f9IUTRIEUCD TWIITUT O3 32{qng *I9rFTTdme Iosod *
-0I0TW ¥ JO WETEID ¥ TeUSI8-+3IWT PUR OQ S o3
govordde patzyon ® sepraaxd 37 jvgy ST InbTuWosy §TMR
JO MMIVIT TITIEY ¥ "DRETAVD WeaQ WY SIITIYTANR ¢
PUBQPeROIq IRIUTT UT £33TA@D 283yl Jo uoTywotrdde m
9q) Io07 snbTumues ufresp wmwiido uy ATQAETTRAD
AOU 319 gaadmm 0T JO SIUSLIND IODITIOD IOF OF
mwmY I93waxd »owpcwu IJBURIG JURXLIND I3 TR TOTIOD m
pue asxadme ¢-0T TPm. ISTTEWS 23TRALIMD S8IDASL
TOTASWM{ 1TATOXR GOTHA 3I03878TR: ST TOOTTTS

— a—— — SOATD e

209S0YTCOZTIOT sl va
‘P TN funoWUOy qUod
saTJ01el0qe] jusudoreasd ¥

3xodsy pITsTEEETOW
(2095 0VT00Z299T TFL W)
9g€2 3xoday TROTUGOSL TQUIAV) -8y 6

*q *p ‘TouTsi
*x fesTy
*Q fsTTE2YTd

“ UOJEDSIY SOTUOIDR YT AmIy

A de M

11T

A oad H

puR ‘uTRIp Janod I91IiTdDe SSZTWIRTE ANV 38Tex aang ~
-vxadmey SPTA ¥ Jaa0 L 7TTqwdeo Jaaod indino JATT |
~T7dee patyroads w sapraczd(T) uoSd.m._unuov o218 I3
‘9IUTRIZISUOD TOTATUT O3 qoafqng  ~IatrTTdoe Joaod *
~QIOTW ® JO BITSSD JY¥ TRUBTS-a8I%T pom I 33 C3
gowozdde pa7ZTON ® sepracad T 9eWy o7 onbIwgsot $IT
JO INYTIF JUITTES ¥ *DOSTATM USIQ IWY STITFFTdme
PUBGPROIQ JRSUTT UT S33TA8D asayl Jo moigestrdde
oMl xof InbTUUSey URTSsp mwmr3do uy -oTQEITRAW
0T 3T0 SIIIAME 0T JO 2QUALIMD JI04DITOD IOT €5
W) I849518 307388 J9JIURIL JUSLIND JII3TTTER UCTIOD “
e gazadme 5-0T 7803 JFTTIES 21USIMO I8LIASL
noTaoun{ 3TQIUXS GOTHA SICRSTFwery reusyd UOOTTIS

“IIT

330dey PITITIEEIOMW) *
(20950VT002290T AW V)
9g€2 3xodey TROTUGRAL TIFIRY) ‘833X 6
‘39Tqey frourTT TouT d &K ‘C96T teqmeadas _
“TPUTSH Q'L TUS SSTY ‘M ‘ITTRZATI O ‘WOSTID
Y'Y Aq ‘SUELITIIAY SVENTT MOLSISHYEL YEMOL
~CHDIN 20 TONYIHNOMEL DIWYNAQ MV OLIVIS
°p °N ‘UINOTIOH 3304 f$5TI0FBIOQET
quendoTeAR PUR UIWIEN SOTUOIZRITT ATV

-53 av “

e R Y e s o o O

puR furerp Jeaod J9TITTANR SSITWrETE mww L) TIPS, Y ~
~ex3dwesy SPTH ¥ Iaao L37TTaedey taaod ondane J9TY
-Trdww PTITOs ¥ sopracnd(y) ondTugoes uSIRID I3
f31UTRIISUCT TRIITUT 01 209{qne ~IoTF7rdms Jasod

-OIOTH ® IO USTSIP OV TeR1s-o8Ivy puwm O 993 O3
movoxdds PTITUR 3 sopTAcxd 4T 39Uy ST SubTrms: 3TN
JO WM3UIT QWITTEY ¥ PRSTAID Usaq #%q SI=TITTdme

pUeqpeodq JESUIT UT S90TASD asayj Jo uopsestrdde —
9q3 J07 SubTUNey uBTssp wumpydo WY CFTQRTTRAR
AOT IR gaxHms OT 20 BRURLIIND JI0GOITTO0 L0 OS5
usyy I9qesxd moﬂvﬂwl I3ISWRIT JUSIIND JIITre TCTDOD
P gaIsdmR ¢ 0T WEU} ISTIVEE S309Iin0 S8IRAI
ToTaownf 27GTUXS UITUA SICISTSUEX} IRusTd UOOTTTS

‘I

2zcdoy PITITSERTOW w
(20950VTOCZ2E5T X¥el WI)
9gte 9xodsy TSOTUUORL TAYIEY} CSINI 6
‘esTqey ‘ronqIF TOUT °d 65 ‘CobT Yeumeydsg
‘TOUTSH Q"L TR S8 A ‘STIRZITI *0 ‘UOST)
“¥g £q ‘SUITITIINY SVANDT HOISISRVED EIMOd
~OMOTH 0 FONVIHOINE OIWVNIG ®IV DILVIS
“f *N ‘UINOWOH 04 “sITI0qEIOqET
PRRIOTIA] PAR PIVHIN $OTRAIIOSTT ATV

TATQ av

—— e e cramD e



*sranod Fryyvrado IaZ2IWT 107 ITARTTRAV A[TPeal oJ%
QIPTAPURQ U] SIUITRACGKINT JISMIINY  °3FUDITD SPOd
-6%0 Y3 UT STqTs20d 89SVIIDUT IJWIF-IATI O3-OMF TITA
O 62 03 O L 300qR mOIF AIRA STIPTADWR] ISTX
=Trdwe ‘ssousjroedes 3InogId Lelys pue seouejroedes
ISTITRG JO3STSURIY uc Buppusdag *8I039TS3X 4INOITD
TT® U0 SUIBIPM IOURIITOF ISV 35304 $0T 3400w

ued JoTJTTdme STY} ‘A $T°0 03 PROTMPAT 8T L3Triqedsd
aFeyTos peOT ¥ead oMy JT QP 62 Jo uTes Jsacd v
o b,?odnmm Jo uTRIp Yamod ® I0F 5,00T S I 5 06—
s8R ammjuradung 3T ISAO ITWITOA TROT OV

swad A-gT°0 ® spracad wes swo ,OTXS JO ssowvpedmy
0IN0E puw PROT Tita LTddng pﬂomtuo.uﬂ ® woxy Sury
~ezrsdo 23TITTdme IeacdaroT™ pURQPROIq I944TEs UCINOD ¥

s8afued sangeIwdieg IFIVT ©1 SATITEUSEUT ATTSNQITA sIv
S30UIpadWT TEUTHIRY PUB UTRS 2007M PIUSTSSD Ue9Q 2ABY
SIATITIImR IanodoxdTw ‘enbiutoes UOT4RFULAmOS Iy
-e1odmeq xo3sTWIsHy oTdmis v Sulsn  -3TNOILO SPOISEO
® JO SWeIW Aq PIOURHUL ATIUWITITERTE 2q LwW UIpIa
-PURq ITITTIMY 3 TNOITO 3UsTwATUDS Iojsfswex; jd
PII0LT PSZTTRINIRTTIN ¥ JO STSBq 903 uo perotpsad
L7e1wI008 #q weD SISTITTdwe JaacdaIdTw yo ssuodssx

. ALouonbaxy Sy - IUTIIWT IOURISTO3 JOSTIIT puw
O3S TSTRIYZ BUTIIPTSTOD SHITITIIRE IeeuL I0F ain
~peooxd UPISSP $5BI 39J04 ¥ JOF STEPQ I ¥ SoAreS
osT® SubrTuyoey 2Bysed wampzde U3 ‘UOTIRSTITDOM
BTTs W uTed zomod IeTyTTdwe sezyuTXEm (€)

rszanod Burgersdo JeBIWT JOI STQUITRAW ATIpEel oI®
TIPTAPTR] U §1USTLACITWT JISYIIRY  *3TROILD 9poOd
-6%0 273 UT ITqTssod §SFUAIONT SWII~IATT OF-am2 UITA
O 62 03 O L 3000 WoXZ ATRA FUIPTAPWEQ I91J
-Tidmwe ‘ssoveqroedes qTnoate {245 pur seoueyToeded
I9TIIRG J028T5UBIS wo Burpusdeg cSIOLETSEI TNOITD
TT® U0 SURSINE 0URISTOR 99D 38Iaa §07 3decow

ued IsyTTdme STY3 ‘A CT°0 03 PeOTPRI 8T L37TTqedeo
9Pe1Tos PBOT Wead o3 JT  *qQp 63 Fo UTe8 Jauod %

e n,w.odﬂmm JO uTRIp Jasod ¥ I0Z 0,005 I 3 O6-
S2UBI amieIadieg U3 JRAO IBWITOA PYOT OV

wead A-gT:0 ® *pTACIE TeD sUMD L OTXG JO ssomwpadmy
S0INes puwe pRoT U3ia L1ddns uﬂﬂMqouhﬂ ® WoIJ BuT)
-uz2do T3TITTdwR Isaodorotm pavqpealq I834TEe UOTEOT Y

csoSueds amguredwed SEaP O SATIINULSUT ATTWNIITA aI%
SS0TePdUT TPUTHMISY PUw UTSE 280UM DOUSISIP Wewdq aawY
sa3757Tdme IsnodoxsTm ‘onbiumoe; uoTyusTRdmod sang
~uxadmeq IosTWILNy oTdmTs ¥ JUFyn  3TNOITO SPOISWD
.® 3O sweRwW £q pIouURTULS ATIOWOTITUBTS Sq AW gpya
-PURQ ISTITTAMY -ITROITO jusTeatude Joasiswery Td
PRIGAT PIZITRISIWITUN ¥ JO gIFBq I3 UO paroTpard
Arorernooe 3q wes sIorrrTdmm ZsaodoIotw Jo esuodsax
£omenbalz oYL sUTEIVW SOWBISTO} JORETSAL PUB
J036TSUBIL BUTISPIFIOT SIFTITTARR IRSTLT JOF &In
~pedoxd UBTSSD 9FWO 39I0GM B IOF STERQ U3 IV SRAISE
05T SubTuoey wlTsep mrrido 9un ‘WOTOTITDOM
E8TTS W cwreE emod 2eiyvTdsv seztwrxen (€)
— _— —— — — ——— i

— rsxancd Bupywredo IIBIWT 07 ITQITTUA® ATFLUSI oI

QETATSSYIONA IPIAPUEG UF S3USURAGIAWT ISURINZ  *4INOITO Spod
~-6¥D 32 UT ITQTSSOd 99SVIIOUT SUTL-9ATI O3-OAY WITA
O 62 03 O L 3noqQw moIF AreA SWRDTAPTNG I9TF
_ -Tidwe ‘sa0uwqTomdes 4TnodTe LRSS pue saocuegraedes —
ISTIIRG I039TSWRI] WO FUTPUIEA]  *SIOYSTSAT JTNOITD
TI® UO SUTIIVW IDUBISTO] 58D 5I0A 201 3dsoow
ued Js1y17dme STU3 ‘A §T°0 03 peompax st L37rrowdes _
_ 3393704 pRoT Wead UL JI QP 62 Jo uwre? Jaaod v
P & o 0TXEZ JO uyRIp Zanod ® 107 0600T S T 5 05~
__ 7 e%uexr sxmgeradmey Iu; I9AO IDBITOA TROT OV
_ yeed A-9T+0 @ 9pTaczd wed suwmo L OTXS Jo £3omwpadmy _
20am08 pue PROT G3ta Arddng ﬁom&uyﬂ % moxy Sury
~arado 12777idme IvaodoIdTE PUWGPROIG I93TWNe TCETOD Y

— ssafueye sanjeredma) SBIBT 0 IJATITSTSSUT ATTWNIITA 3% ‘
S90UTPdW] TPUTWI9] DUs ufe? assgoys pauTIsep TIRG SAwy
SIITITTACe xanodoxoTw ‘anbrunoes uoljewmadons arng
-eradmey zojstmIsyy aTdurs w Fupsn  c2INOITO IPCOTVD
_ ® JO swsdm £q pIOUVHUS ATIWROTITUITE oq AW UIDTA _
-puRq JITITTEY  *3TNOJTO JUSTRATND® JojsisTery T4
PTIaAY PIZITBILIETITM ® JO S7S8Q 33 o pvgoypead
_ £1928IM008 20 WEd sxaTyITdme JaaodoxoTw o ssuodses —
Aouembary 24 IUTSIVW 20URISTOL JOLSTSAI pUw
J03STSURIY BUTIIPTHUOD $ISTITTAER IWSUTT J03 3N
-peoord UPTSSP PSVD 38I0A W I0F STSEG W3 5% SRAIIY
“ osTe subrutoe; wissp mmyado ou3 ‘UOTIVOIITDOW m
UBTTS QITA  uTe® zemod xaTrTTIwR sezTETXEX ()
rgxaacd mmmm.nn&.m.nwuwhdﬂluww v._..nﬂ,nﬂgﬂl.m.ﬂw.moh Ie
TIDTMPURG T SIUSTRACIIWT JISURING 3 TNOITR 9pOR

“ CATATSSYIONN

~5%0 3 UT STqrSscd 89SVSIOUT SWI=ATZ O3-ama UITA _
D ST o3 O L INoqQe moI7 ATRA SQPTADTRQ ISTF
~Trdwe ‘ssouzgroedes qynoJyo Lea3s pue saouejToeded

“ I9TII8G T01ETETRIT WO Fuipusdag SIOLETEAI FTROITO _
TT¥ GO sUTSIeW I0UEIATO} oF8D J8I0M $01 3daoow
ued J=1ITTdEe STUR ‘A ¢T°C 03 peoTPSI s L3TTrgwdso

_ 98eaT0s peoT ywod oy JI  'qp $T 3O UTES ramod ¥ _
DU & o OTXEZ JO WTRIP Jasod ® 207 900015 I 3 OG-
. s3uex sanywIadmey I} IeAo sSwaToa PeOT IV
yesd A-gT°0 ® 9pTeoxd wed Fmmo QXS Jo seomwpadmy

“ S2an08 pwe peoT q3Ta Arddns ﬁ”owluu.uﬂ * mxy Sull _
-B1ado I5TITIdme 1aACdOINTE TURGPBOIG J919TER TOKEDO Y

csofweud aInqwasdEeg IVBIVT 0 SATRTSUSFUT Faga jitRsd W, ]

“ seogepedlly TPUTWISY puUv UTeS ssoga PRI ISP WIS AR _
SIRTITTEMe remodorsTa ‘anbTugoe; UOTIRETEmOD Iy
~8I3dmey X03STWISYY »Tdwre ® Fursy “1FDITO IPOdISTWR

m ¥ JO STRIW Lq DPIOTRUUS ATIUWOTITUSTS 3q Avx mapia —
~PUsQ IFTITTANY  *37N0IT0 JURTRATHDS Jopsysmery T4
PTICAY PIZTTBILIVTTAR ¥ JO 9188 o3 mo pegorperd
L1318I00T 9q weo sxeTyTIdme JsacdoxoTw Jo ssuodssx

“ Louwenbarg =uf -surSIvm FDWIATOY ICISTEIAL pUe _
IOETFURI] BUTISPISUOD SINTITTIW® TeesulT JoF aIn
-pe2o0xd TETSSD $SBO 38JOA ¥ IQF SISWQ U3 I¥ SSAISS

~ osTe snbrugEey vSTssp wmpido syl ‘UOIIWOTITDOW _

3BITe 93Te  TTed asaod IS TITTA: ZTELX®T
e — — e ST AT TR Toa0d 20T sorTEIRR (€) |



